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Magnetic storage devices based on magnetization switching require large 
electrical power to write data. The application of a gate voltage across an 
insulator to electrically control the Hall Effect characteristics as a function of 
magnetization is a potential alternative method because no current flow is 
required. Previous work has been demonstrated on hard magnetic materials 
but without substantial results. Furthermore, the mechanisms for the gate 
voltage-induced effect have not been studied much. Therefore, this thesis 
proposes to demonstrate electrical tuning in the untested combination of FePt 
material and an ultra-thin total conducting film thickness, which increases the 
sensitivity of the Hall measurements. This could make it easier to discern any 
minute changes and explore the mechanisms of the Hall Effect manipulation. 
First, the MgO seed layer and FePt thin film must be optimized before the 
actual Hall bar device fabrication. A Design of Experiment (DOE) was 
conducted to optimize the crystallographic and surface properties of the seed 
layer. The most suitable growth parameters were determined to be a RF power 
of 50 W, a working pressure of 2 mTorr, and a substrate temperature of 100°C. 
Subsequently, varying film thicknesses of FePt was deposited on the MgO 
seed layer for magnetic and structural characterization. It was deduced that the 
optimal magnetic performance is for FePt with a film thickness of 3 nm, which 
was selected for the device fabrication. 
After electrical characterization of the devices, it was found that the Hall 
voltage changed substantially and non-symmetrically under increasing gate 




measurements, the change in coercivity HC was up to 0.8% at ±6 V of gate 
voltage, while the Hall Voltage Ratio (HVR), which is the %change in Hall 
voltage, was able to achieve up to up to 2227.4% from −2 V to +6 V. For the 
Planar Hall Effect, the change in HC was up to 1.1% at ±6 V, while the HVR 
was up to 631.0% from −4 V to +6 V. The deduction for this disparity in 
results was attributed to the different Hall Effect mechanisms under out-of-
plane or in-plane magnetization. 
Finally, the mechanisms behind the electrical tuning of Hall Effect were 
addressed. The angular dependence behavior was first measured and could be 
related to incoherent reversal processes or the transition of different Hall 
voltage components which are angle-sensitive. The longitudinal voltage and 
Hall voltage versus current (VH−I) characteristics were subsequently analyzed. 
It was established that the longitudinal voltage is directly proportional to the 
Hall voltage. It was then shown that three carrier transport-related coefficients 
(A, B and C) could be extracted from the equations of these VH−I plots. A is 
related to the non-symmetry of the plots due to the layer design, while B is 
dependent on magnetization and thus related to the Hall Effect. C is concluded 
to be a gate leakage current which could have an important contribution to the 
Hall voltage and thus obscure the actual behavior of the electrically tunable 
Hall Effect characteristics. 
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Chapter 1. Introduction 
The central subject of the work presented in this thesis is to establish and study 
the electrical tuning of the Hall Effect characteristics in a ferromagnetic FePt 
(Iron-Platinum) ultra-thin film by means of an applied gate voltage. The 
subject of this work extends to address the mechanisms by which the charge 
carriers in the Hall bar device are affected by the gate voltage. 
As a start, this chapter serves to introduce the utilization of the Hall Effect in 
magnetic applications. This is followed by a review of previous work on the 
electrical modulation of the Hall Effect properties in magnetic thin films. 
Finally, this chapter ends with an outline that organizes the remainder of this 
thesis and briefly summarizes the contents of each subsequent chapter. 
1.1. Overview of the Hall Effect and its Applications 
In 1879, the Hall Effect phenomenon was first discovered by Edwin Herbert 
Hall during his doctorate. Since then, it has been known that there are three 
voltage components in the Hall Effect for magnetic materials: the Ordinary 
Hall Effect (OHE), the Anomalous Hall Effect (AHE), and the Planar Hall 
Effect (PHE) [1]. The OHE is proportional to the perpendicular component of 
an applied external magnetic field and is employed in Hall magnetic sensors 
that are already well-integrated with standard CMOS technology [2]. The 
AHE is proportional to the perpendicular component of the magnetization, and 
arises from spin dependent scattering mechanisms in the material. The PHE is 
related to the anisotropic magneto-resistance and is proportional to the square 
of the planar component of the magnetization. 
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Since both the AHE and PHE are directly proportional to the magnetization, 
they have been recognized as useful tools for measuring the magnetic 
properties of magnetic thin films. Conventional magnetometry techniques 
such as the VSM, SQUID and MOKE measure the magnetization of a sample 
by an external approach, while the Hall Effect technique detects the 
magnetization through measurement of the intrinsic transport property of the 
sample itself. This provides some advantages over conventional techniques. 
The first advantage is that the AHE and PHE magnetometry techniques have 
been demonstrated to show higher sensitivity with decreasing film thickness or 
sample dimensions [3-6]. As magnetic-based memory storage capacities 
increase, there will be a need for thinner magnetic films and smaller devices. 
However, it becomes more difficult to utilize standard methods to detect the 
magnetization in such samples with sufficient signal-to-noise ratio. The Hall 
Effect technique mitigates this problem as its signals become stronger with 
smaller sample size or thickness. Due to the high level of sensitivity, the PHE 
is also under study to be used in novel magneto-resistive biosensors to detect 
magnetic particles bound to biological molecules [7-9].  
Another advantage of the Hall Effect technique is the ability to simultaneously 
characterize both the hard and soft magnetic layers in a single sample. One 
example is in the case of double-layered magnetic recording media where the 
signal response is typically dominated by the soft underlayer by conventional 
methods [10, 11]. The Hall Effect method can also measure and separate the 
in-plane and out-of-plane magnetization of magnetic multilayered films by 
measuring the Hall voltage with different current directions [12-16]. 
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1.2. Electrical Control of Hall Effect Characteristics 
The demand for low power consumption has increased rapidly in electronic 
devices. Magnetic storage devices like hard disk drives and MRAM require 
relatively large electric power when the direction of magnetization is switched 
to write data. The combination of the Hall Effect measurement technique and 
use of films with perpendicular magnetic anisotropy are already considered to 
be utilized in memory logic devices [17-18]. Since the Hall Effect is related to 
the charge carrier concentration and is also directly proportional to the film 
magnetization, a gate voltage VG can be applied to control the number of 
charge carriers and thus enable the change of magnetic properties. This 
electrical control by a gate voltage application is a potential alternative low-
powered method because it does not need electrical current flow. 
Using the Hall Effect measurement technique, past studies have demonstrated 
the modifications in the Hall Effect characteristics and magnetic properties of 
their fabricated Hall bar devices under the application of a gate voltage. The 
group of Chiba et al [19] reported the gate voltage manipulation of the Hall 
resistance RH in Co/Pt ultrathin layers with perpendicular magnetization. The 
modulation of twice the difference in the value of magnetic coercivity HC 
between VG values of –10 and +10 V near the Curie temperatures was also 
demonstrated. 
Both the groups of Endo et al [20] and Yamada et al [21] have also 
investigated the gate voltage-induced modification of Hall Effect properties in 
CoFeB/MgO and Co/MgO thin films respectively. In contrast to Chiba’s work, 
there was not much evidence of change in HC for both studies. However, 
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further observations highlighted that there was electrical tuning of the sample 
magnetization which was calculated from the normalized Hall resistance. 
The HC of the samples from the work of Chiba, Endo and Yamada et al are of 
the order of tens Oe. In the case of Chiba et al, the combination of a soft 
magnetic layer (HC ~ 5 Oe) and a very thin total conducting film thickness 
(~4.5 nm) may be the reason for their substantially promising results. This is 
because soft magnetic materials may be more susceptible to the gate voltage-
induced effect. Furthermore, the low film thickness increases the Hall signal 
sensitivity and makes it easier to detect changes of smaller magnitude. 
However, such soft magnetic materials may not be suitable for eventual 
scaling into very high data densities which require highly coercive materials.  
In the case of hard magnetic materials, the work of Seki et al [22] and Kikuchi 
et al [23] employed the ferromagnetic FePt material with HC of ~2 kOe. Both 
groups reported a change in HC of ~40 Oe by application of VG range from –13 
to +13 V. This is only about 2% change from the original value and may not 
be sufficient for practical applications. However, this change means that the 
HC of a hard ferromagnetic layer could still be modulated in a solid-state 
device at room temperature by an applied gate voltage. In addition, both 
groups also observed a small change of similar magnitude in the RH. 
It should also be noted that the studies from both Seki and Kikuchi et al on 
this gate voltage effect were mainly focused on hard magnetic thin films with 
relatively thick electrode layers. When the total conducting layer is very thick, 
the sensitivity of the Hall Effect signals may be reduced as a result. This could 
be a cause for the smaller induced changes in their observations. 
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1.3. Motivation and Thesis Objectives 
It has been demonstrated by previous work that the electrical control of the 
Hall Effect characteristics could be potentially employed in memory devices 
for low power applications. A hard magnetic material is required for eventual 
scaling into high data densities, but the results are not substantial yet. In 
addition, not much work has been conducted to investigate the fundamental 
mechanisms for the gate voltage-induced change in Hall Effect characteristics. 
Therefore, this work proposes to evaluate the previously untested combination 
of a hard FePt ferromagnetic material and an ultra-thin total conducting film 
thickness for the study. When the film thickness is very thin, the Hall signal is 
much stronger, and this could make it easier to discern any changes and to 
investigate its mechanisms. FePt is selected as it is widely regarded to be the 
potential hard magnetic material for many data storage technologies. 
Therefore, the objectives of this thesis are classified into the following: 
1) To characterize and optimize the FePt magnetic thin film and MgO seed 
layer in preparation for the fabrication of the Hall bar devices. 
2) To demonstrate and analyze the electrical tuning of the Hall Effect 
characteristics of the completed devices via an applied gate voltage VG in 
both out-of-plane and in-plane configurations. 
3) To investigate and better understand the mechanisms behind the electrical 
manipulation of the Hall Effect characteristics through angle dependence 
and current carrier transportation measurements. 
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1.4. Organization of Thesis 
This thesis is organized into 6 chapters. The first chapter has discussed the 
background and motivation behind this work.   
Chapter 2 provides a brief theoretical background to the concepts that are 
referred to in this thesis. These include the origins of the different types of 
Hall Effect mechanisms and the fundamentals of magnetism.  
Chapter 3 discusses the crystallographic and surface optimization of the MgO 
seed layer, as well as the magnetic and structural characterization of FePt 
magnetic layer before the actual fabrication of the Hall bar device.  
Chapter 4 discusses in detail the fabrication process and electrical 
characterization of the devices. Both the electrical tuning of the AHE and PHE 
measurements under a gate voltage are presented and analyzed.  
In Chapter 5, the mechanisms behind the non-symmetrical Hall Effect 
manipulation were investigated through the angular dependence behavior and 
Hall voltage versus current (VH−I) characteristics.  
Finally, Chapter 6 concludes the results of this work on the study of a gate 
voltage-induced effect on the Hall Effect characteristics of the FePt thin films 
and offers a description of possible future work that could be conducted.  
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Chapter 2. Theoretical Concepts 
This chapter describes the basics and theoretical concepts behind the subject 
matters that are referred to in this work. First, the origins behind the three 
types of voltage components of the Hall Effect phenomenon that exist in 
magnetic materials are explained. Next, the fundamentals of magnetism are 
briefly introduced, and are followed by a more detailed description of 
ferromagnetism. 
2.1. The Hall Effect 
The Hall Effect phenomenon, or Ordinary Hall Effect (OHE) as it came to be 
known, was first discovered in 1879 by Edwin Herbert Hall while attempting 
to verify Kelvin’s theory of electron flow during his doctoral studies at Johns 
Hopkins University [24]. When he applied an electric current to a rectangular 
sheet of gold inserted between two magnets, it created a potential difference or 
voltage in the sheet at right angle to the applied current.  
Dr. Hall observed that this voltage was proportional to the current flowing 
through the conductor, and the magnetic flux density perpendicular to the 
conducting sheet. One year later, he reported that this ‘Hall effect’ was ten 
times larger in ferromagnetic iron [25] than in non-magnetic conductors. This 
Hall Effect for magnetic materials is now recognized as having three voltage 
components that are known as the OHE, Anomalous Hall Effect (AHE) and 
the Planar Hall Effect (PHE). The foundations and theoretical concepts of the 
OHE, AHE and PHE are elaborated on in the next few sections. 
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2.1.1. Ordinary Hall Effect 
The Ordinary Hall Effect (OHE) is defined as the voltage or potential 
difference (Hall voltage VH) across an electrical conductor with a transverse 
electric current and under an applied perpendicular magnetic field [26]. Under 
these conditions, charge carriers (typically electrons or holes) moving in the 
conductor experience a force which is known as the Lorentz force.  
The Lorentz force F is given as: 
               (2.1) 
where q is the charge of a carrier moving at a velocity v in an electric field E 
and magnetic induction B. 
Figure 2.1 illustrates the presence of the Hall Effect in a rectangular plate-
shaped conductor with a transverse current Ix and a perpendicular magnetic 
induction Bz. 
 
Figure 2.1: Geometrical diagram of the Ordinary Hall Effect in a conductor. The 
polarity of the electric field are indicated as the + and – red spheres. 
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Due to the Lorentz force from Equation 2.1, the electrons in the conductor 
experience a force Fy in the y-direction, which is given as: 
                     (2.2) 
where e is the electron charge and vx is the velocity in the x-direction. 
The magnitude of deflection of the electron is also the ratio of its mean free 









            (2.3) 
where τ is the relaxation time of collisions, m is the electron mass, σ is the 
conductivity of the electron, n is the charge density, and θH is the Hall Angle. 
θH represents the angle between the applied current and the direction of the 
electrons deflected by the Lorentz force.  
As indicated in Figure 2.1, the negatively-charged electrons accumulate on 
one side of the conductor, and positive-charged carriers simultaneously 
accumulate on the other side. This build-up of oppositely-aligned charge 
carriers consequently results in a transverse electric field Ey, which is also 
known as the Hall field.  
The Hall field increases in strength until it matches the Lorentz force Fy and 
cancels it completely, as shown in the following relation: 
                          (2.4) 
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If current density Jx is given as: 
            (2.5) 
Then the Hall field Ey can be solved from equations 2.4 and 2.5 to give: 
    
    
  
        (2.6) 
The ordinary Hall coefficient R0 can also be related to the Hall field by the 
relation: 
    








          (2.7) 
where t is the thickness of the conductor and VH is the Hall voltage. 
The Hall coefficient can either be negative or positive depending on the type 
of charge carriers (electrons or holes respectively) in the conducting material. 
2.1.2. Anomalous Hall Effect 
In ferromagnetic materials, there is an additional and considerably larger Hall 
Effect known as the Anomalous Hall Effect (AHE) in which the anomalous 
Hall resistivity ρS is directly proportional to the perpendicular component of 
magnetization of the material, and exhibits a magnetization hysteresis loop.  
The total Hall resistivity ρT in magnetic materials with a perpendicular 
magnetization can be described as the combination of both ρS and the ordinary 
Hall resistivity ρ0. 
Chapter 2. Theoretical Concepts 
11 
 
Therefore ρT is shown by the relation [27]: 
                         (2.8) 
where R0 is the ordinary Hall coefficient, B is the magnetic induction, RS is the 
anomalous Hall coefficient, μ0 is the permeability of free space (4π x 10
-7
 H/m) 
and M is the magnetization. 
While the Ordinary Hall Effect (OHE) is a direct consequence of the Lorentz 
force due to a magnetic field, the origins of the AHE are complicated and its 
complete understanding is still subject to much experimental and theoretical 
debate. In general, the AHE is believed to have been contributed by either an 
intrinsic mechanism (Berry Phase related) or extrinsic mechanisms (disorder 
related). 
Figure 2.2 illustrates a diagram of these different mechanisms that contribute 
to the origins of the AHE. In any real material, all three mechanisms act 
together to influence the motion of electrons. The AHE intrinsic mechanism is 
characterized from the Berry Phase of Bloch state wave-packets in the crystal 
momentum space or k-space, and was first proposed by Berry in 1984 [28-32].  
According to Berry, this effect is caused by the coherence between the orbital 
moment of the conduction electrons and the spin-orbit coupling of their spins 
under the influence of an external electric field. This arises in an anomalous 
velocity which deflects the electrons in trajectories that are perpendicular to 
the electric field and related to the Berry Phase curvature. 




Figure 2.2: Illustration of the three main mechanisms that can contribute to an 
Anomalous Hall Effect [28]. The grey spheres represent electrons. 
There are 2 forms of AHE extrinsic mechanisms as shown in Figure 2.2. The 
first is known as skew scattering, and was introduced in 1955 by Smit [33]. In 
skew scattering, electrons are deflected asymmetrically from their original 
trajectory path, and related to the spin-orbit coupling of the electron or the 
impurity. The second mechanism is known as side jump, and was introduced 
in 1970 by Berger [34]. Side jump refers to the transverse displacement of 
electrons in opposite directions of electric fields without changing their 
trajectory direction. Both the AHE extrinsic mechanisms derive from the spin-
orbit interaction between conduction electrons and localized moments such as 
disorders and impurities. Due to the innate orbital angular momentum of the 
electrons, it is energetically preferred for them to pass by on one side of 
scattering centers (such as impurities) than on the other side. Therefore, this 
results in asymmetric scattering and leads to a transverse current which is 
responsible for the AHE. 
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2.1.3. Planar Hall Effect 
Current-conducting magnetic transition metals and their alloys display a 
specific galvano-magnetic phenomenon known as the Planar Hall Effect (PHE) 
[35, 36]. The origins of this PHE arise from the anisotropic scattering of the 
charge carriers in the current due to the magnetic moment of the lattice atoms 
within a magnetized material.  
The PHE results in an induced electric field with both parallel and 
perpendicular components in the plane of the conductor which is magnetized 
in the same plane. As a result of these components, the charge carriers, which 
are typically electrons, will experience different resistances of R|| and R⊥ when 
they travel parallel or perpendicular to the magnetization respectively as 
indicated in Figure 2.3. In a physical sense, this means that if the magnetic 
moment of a mono-domain metallic film is oriented in the plane of the sample 
at a particular angle β to the applied current I, a Hall voltage VH for the PHE 
behavior will be induced in the direction that is perpendicular to I.  
 
Figure 2.3: Overhead diagram indicating the film resistances that are parallel and 
perpendicular (R|| and R⊥ respectively) to the applied current I in a conductor with in-
plane magnetization M. 
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Therefore, the expression for VH can be represented by the relation [36]: 
    
  
  
                       (2.9) 
where w and l are the film width and length respectively, R|| and R⊥ are the 
film resistances in the directions parallel and perpendicular to the direction of 
magnetization respectively. Equation 2.9 demonstrates that the PHE is 
manifested most evidently in thin film conductors and is entirely determined 
by the anisotropic magneto-resistance (AMR) effect in the sample. The AMR 
effect is related to the difference in the film resistances R|| and R⊥ in both the 
longitudinal geometry (when the magnetic moment is oriented along the 
applied current) and in the transverse geometry (when the magnetic moment is 
oriented at right angles to the applied current). 
2.2. Fundamentals of Magnetism 
Magnetism is a phenomenon that refers to the reaction of a material to an 
applied magnetic field [37]. There are mainly two origins for the magnetism 
effect. The first is created by the motion of electric charges, such as in 
electromagnets in which an electric current flows through wire coils to create a 
magnetic field. The second origin is associated with the intrinsic electron spin 
of an elementary particle. In total, there are five major types of magnetism that 
are classified according to their bulk magnetic susceptibility. These are known 
as diamagnetism, paramagnetism, ferrimagnetism, anti-ferromagnetism and 
ferromagnetism. The first four types are briefly described in the following, 
while ferromagnetism is presented in greater detail in the next section since 
the selected magnetic material in this work is ferromagnetic FePt thin film. 




Diamagnetism exists in the majority of naturally occurring materials where a 
weak magnetic moment is created only in the presence of an external applied 
magnetic field. When an external magnetic field is applied to these materials, 
the centripetal motion of electrons that are aligned with the external field 
direction is increased, while the motion of electrons rotating in the opposite 
direction is reduced. This results in a weak induced magnetic moment that is 
opposed to the external field. In magnetic materials such as ferromagnets or 
paramagnets, this induced magnetic moment is much smaller than their innate 
magnetism and is relatively insignificant. Diamagnets have small and negative 
susceptibility values of approximately −10-5. 
Paramagnetism 
Paramagnetism is present in materials that have randomly aligned permanent 
magnetic dipole moments in their atoms in the absence of an external 
magnetic field. These moments are due to the spin of unpaired electrons in the 
orbitals of the atoms. Since the dipole moments are randomly aligned, this 
results in a zero net magnetic moment. When an external magnetic field is 
applied, the dipole moments will all align in the direction of the field, thus 
turning the material into a magnetic one. After the external field is removed, 
the magnetism remains for a short time before being dissipated by thermal 
fluctuations which will disrupt and randomize the alignment of the magnetic 





, and a magnetic relative permeability of approximately 1. 
 




Anti-ferromagnetism is present in materials where the magnetic moments of 
their atoms align in a regular pattern with neighbouring moments orientated in 
the opposite direction, thus cancelling each other. This results in zero net 
magnetic moment in the material. Anti-ferromagnetism typically exists below 
a specific temperature known as the Néel temperature. Above this temperature, 
the anti-ferromagnets convert to paramagnetic. When an external magnetic 
field is applied, the magnetic moments in the anti-ferromagnet become anti-
parallel and opposed to the external field. 
Ferrimagnetism 
Ferrimagnetism is similar to anti-ferromagnetism in that there are oppositely-
aligned magnetic moments in a regular pattern. However, in ferrimagnets, the 
opposing moments are unequal in strength and therefore do not cancel each 
other out. This results in a net magnetic moment in the ferrimagnet. As with 
ferromagnets, this net moment or spontaneous magnetization in ferrimagnets 
is present even without the application of an external magnetic field. 
2.2.1. Ferromagnetism 
Ferromagnetism occurs in materials such as Fe, Co and their alloys, which 
have a net magnetic moment even in the absence of an external magnetic field. 
Ferromagnetism arises from the imbalance of electron spins at or near the 
Fermi energy level. This is due to a difference between the spin-up and spin-
down density of states with respect to each other, and thus results in a 
magnetic moment. The moments then align spontaneously and parallel to one 
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another in order to lower the energy of the system to a stable state. This 
alignment of the moments therefore results in a net magnetization in a 
ferromagnet. Ferromagnets have large and positive susceptibility values above 
1, and a magnetic relative permeability of more than 100. 
2.2.1.1. Mechanism behind Ferromagnetism 
The overall mechanism of the magnetization in ferromagnetic materials is an 
antagonism between exchange, magnetostatic and anisotropy energies. The 
exchange energy is the interaction between an atom and its neighbouring 
atoms and causes the parallel alignment of atomic moments at short distances. 
The exchange interaction which is responsible for this energy is produced 
generally from a competition of Fermi statistics and Coulomb repulsion [38].  
The magnetostatic energy arises from the alignment of magnetic dipole 
moments within the system by an internal magnetic field that is generated in 
the opposite direction from the magnetization. Though the dipole interaction 
between atoms decreases with distance, it can become significant for large 
atomic systems [39]. The magnetostatic energy is significantly smaller (~0.1 
meV/atom [40]) than the exchange energy (~0.1 eV/atom [40]), but the effect 
is dominant over longer distances.  
Finally, the magnetic anisotropy describes the angular dependence of magnetic 
energy. In a ferromagnetic system with anisotropy, the easy axes are classified 
as the magnetization orientation with minimum magnetic anisotropy energy, 
while the hard axes are aligned along directions with maximum energy. The 
anisotropy constant KU, which is an energy density associated with the 
anisotropy contribution, is a quantification of the anisotropy strength. 
Chapter 2. Theoretical Concepts 
18 
 
2.2.1.2. Magnetic Domains  
The exchange energy can be classified as a short-ranged force, while the 
magnetostatic and anisotropy energies are grouped into the long-ranged force. 
The competition between the short-ranged exchange energy and the long-
ranged energies leads to the formation of magnetic domains. Magnetic 
domains are areas where magnetic moments tend to align to result in a 
uniform magnetization. These domains are separated by magnetic domain 
walls, which are boundary regions where the magnetization direction from one 
domain rotates to the magnetization of the adjacent one.  
If a material with multiple magnetic domains with different magnetization 
orientations is placed in a sufficiently strong external magnetic field H, the 
Zeeman energy, which describes how the magnetization of a sample interacts 
with an external magnetic field, will force the magnetization in all the domains 
to align with H above the saturation magnetic field. This leads to the formation 
of a mono-domain state with a uniform magnetization in the entire material. 
2.2.1.3. Magnetization Reversal Models 
Figure 2.4 shows a schematic illustration of a M–H hysteresis loop which is 
the response of the magnetization M of a ferromagnetic material to an external 
applied magnetic field H. The M–H loop indicates the projection of the 
magnetization vector onto the axis of the external magnetic field. In a 
ferromagnetic system which has uniaxial anisotropy, the shape of the 
hysteresis loop is dependent on the angle of the magnetic field with respect to 
the easy (out-of-plane) anisotropy axis.  




Figure 2.4: A schematic of a M–H hysteresis loop for a ferromagnetic material. MS 
and Mr are the saturation and remanent magnetization respectively, while HC is the 
coercivity of the material. 
The Stoner-Wohlfarth model can be employed to express magnetization 
behavior in a ferromagnetic system with uniaxial anisotropy [41]. The model 
assumes a mono-domain system with energy density E which is shown by: 
         
                        (2.10) 
where θ is the angle between the magnetization M and the easy anisotropy axis, 
while α is the angle between the external magnetic field H and the easy axis. 
For a FePt material with strong perpendicular magnetic anisotropy, two cases 
of the Stoner-Wohlfarth model are illustrated schematically in Figure 2.5: the 
hysteresis loop with the applied magnetic field along the easy or out-of-plane 





















Figure 2.5: Schematics of hysteresis loop extracted from the Stoner-Wohlfarth model 
for a ferromagnetic system with uniaxial anisotropy where (A) shows an easy (out-of-
plane) axis loop and (B) shows a hard (in-plane) axis loop. 
Figure 2.5(A) presents the square shape of a hysteresis loop measured along 
the easy axis. When the magnetization lies along the easy axis, the anisotropy 
exerts no torque on the magnetization. In this case, the magnetization remains 
fixed until it rotates immediately once the external magnetic field is reversed 
to a value of H = KU /2μ0MS, where MS is the saturation magnetization. 
Figure 2.5(B) presents the linear slope of a hysteresis loop measured along the 
hard axis. When the hysteresis loop is measured along a uniaxial hard axis, 
there is the presence of antagonism between the anisotropy and Zeeman 
energies. At zero applied magnetic field, the magnetization will align with the 
easy axis. Applying a magnetic field that is perpendicular to the easy axis 
increases the Zeeman energy and this causes the magnetization to rotate 
further from the easy axis. The magnetization continues to rotate gradually and 
coherently until it saturates at the saturation field HSat = KU /2μ0MS. 
(A) (B) 
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In uniform ultra-thin films, the process of magnetization reversal typically 
occurs through inverse domain nucleation and domain wall motion [42]. If the 
dimensions of a magnetic thin film are considerably larger than the domain 
wall width, small inhomogeneities in the energy setting can cause the 
formation of spontaneous domain nucleation during magnetization reversal.  
The energy required to move a domain wall is usually smaller than the domain 
nucleation energy. Thus, the nucleated domain increases by lateral motion of 
its domain wall with their magnetic moments parallel or anti-parallel to the 
anisotropy axis. The domain wall motion model predicts the relation of 1/cos θ, 
where θ is the angle between the applied magnetic field and the easy axis 
magnetization. The domain wall motion expansion can be hindered by pinning 
sites that include grain boundaries, surface roughness and precipitates [43-45]. 
To determine the electrical tuning of the Hall Effect characteristics, the FePt 
magnetic thin film is required to be patterned and fabricated into a Hall bar 
device for electrical measurements. Before the actual device fabrication 
process however, the film properties of the FePt and its corresponding MgO 
seed layer must first be optimized through thin film deposition and 
characterization techniques. Therefore, the next chapter studies and determines 
the optimal growth parameters of these layers in preparation for the final 
fabricated device. 
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Chapter 3. Optimization and Analysis of MgO/FePt 
Thin Films 
This chapter is dedicated to the key Hall bar materials and the experimental 
techniques employed in the deposition and characterization of thin films. First, 
a simple Design of Experiment (DOE) is described for the optimization of the 
crystallographic and surface properties of MgO seed layer on oxidized silicon 
wafer substrate. The DOE serves to study the contribution by the various 
growth conditions, and to ensure a high epitaxial growth of the subsequent 
FePt thin film as well.  
Next, an analysis on the magnetic properties of the FePt film deposited with 
varying thicknesses on the optimized MgO seed layer is presented. This part 
also includes a cross-sectional investigation of the crystal lattice orientation 
and elemental distribution at the FePt and MgO films. 
3.1. Optimization of MgO Seed Layer 
3.1.1. Considerations 
Since the bulk of the characterization of our fabricated devices is conducted 
electrically, it is important that the substrate is not conductive. Additionally, 
due to the very thin layer structure of the devices, the substrate must have very 
low roughness. Lastly, the substrate type must be compatible with our 
fabrication equipment. As the fabrication process in this work is limited to 4-
inch diameter wafers, polished silicon wafers with 1 um thick SiO2 thermal 
oxide were selected as the substrate of choice.  
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Since the thermal oxide on the wafer substrate is amorphous in nature, it will 
be difficult to achieve the formation of a highly crystalline FePt magnetic thin 
film without a suitable seed layer. For the FePt-based Hall bar layer design, 
this seed layer was selected to be MgO with (200) orientation as it has suitable 
lattice matching with FePt and is an established seed layer for high quality 
FePt growth in many designs [46-50]. Furthermore, it allows for the high 
epitaxial growth of FePt at a relatively lower temperature [51, 52]. 
The next part describes the various equipment that were employed to deposit 
and characterize the MgO thin film samples, and is followed by the 
presentation of the results and discussion of the DOE for the optimization of 
crystallographic structure and physical properties. 
3.1.2. Experimental Techniques 
3.1.2.1. Magnetron Sputter Deposition 
The magnetron sputtering technique was employed for the deposition of all 
thin films in this work. This is because magnetron sputtering is a fast and 
flexible technique and the sputtering process almost has no restriction in the 
choice of target materials. A Direct Current (DC) source was used for the 
sputtering of metallic material such as FePt, and a Radio Frequency (RF) 
source was for insulating oxides such as MgO and HfO2.  
Figure 3.1 illustrates a simplified schematic diagram of the sputtering 
deposition mechanism. It involves two electrical plates in a high vacuum 
chamber and one of them is used to mount a target material that is to be 
deposited onto the substrate.  




Figure 3.1: Schematic diagram of a magnetron sputtering system. The ‘S’ and ‘N’ 
blocks below the target represent the different poles of the bottom magnets. 
When a negative voltage is applied to the target (cathode) by an external 
power supply, free electrons are accelerated toward the anode. These free 
electrons would then collide with chemically inert argon gas atoms and ionize 
them. Due to the negative voltage on the target, the positive argon ions will be 
attracted toward the target and bombard its surface, therefore ejecting or 
sputtering out the target atoms that will be deposited on the substrate. The 
magnetic fields generated by the bottom magnets serve to concentrate the 
plasma in front of the target, thereby intensifying the bombardment of argon 
ions onto the target surface. 
This work utilized the ATC 1800-V Direct Sputter System from AJA 
International. It is able to mount up to 6 targets, but only one material could be 
sputtered at a time. The substrate temperature can be controlled from room 
temperature up to a maximum of 500°C, and the target-to-substrate working 
distance is adjustable from 50 mm to 80 mm. The substrate holder was also set 
to have a constant rotation to ensure film uniformity during deposition. 
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To investigate the factors affecting the film quality of MgO seed layer, a 2-
level full factorial Design of Experiment (DOE) with 1 center point was 
conducted for MgO films deposited on oxidized silicon wafer substrates. 
Figure 3.2 shows the cube plot based on three growth parameters: RF 
sputtering power (W), working pressure (mTorr) and substrate temperature 
(°C). Based on the cube plot, the experimental matrix for the required MgO 
samples to be deposited is tabulated in Table 3.1.  
 
Figure 3.2: Cube plot of the 2-level full factorial design for the optimization of MgO 
seed layer. 
Table 3.1: The experimental matrix of the MgO samples to be conducted. 
Sample ID  Power (W) Pressure (mTorr) Temperature (°C) 
M1  50 2 30  
M2  50 10 30  
M3  200 2 30  
M4  200 10 30  
M5  125 6 65  
M6  50 2 100  
M7  50 10 100  
M8  200 2 100  
M9  200 10 100  
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The film thickness and working distance were kept constant at 10 nm and 50 
mm respectively. The base pressure in the sputtering chamber was below 1 x 
10
-7
 Torr, while the working gas was Argon. 
3.1.2.2. X-Ray Diffraction 
The X-ray diffraction (XRD) technique was employed for the crystallographic 
characterization of MgO samples. XRD is a non-destructive characterization 
technique used to determine the structural information of a crystalline material. 
Incident X-ray beams from a X-ray source interact with electrons in 
periodically aligned atoms and are reflected either elastically (no change in 
energy) or non-elastically (change in energy) to be collected by a detector. 
When reflected or scattered waves from parallel planes of atoms interfere 
constructively, they form coherent interference peaks with the same symmetry 
as in the lattice of atoms in the crystalline material. The X-ray diffraction 
pattern from these reflected waves thus indicates the crystallographic 
characteristics of the material. 
Figure 3.3 illustrates an incident x-ray beam interacting with the atoms 
arranged in a periodic manner. For a given set of lattice plane with an inter-
plane distance of d, the condition for a diffraction (peak) to occur is dictated 
by the Bragg’s Law, 
                     (3.1) 
where d is the lattice spacing of reflecting plane, λ is the wavelength of the X-
ray, Ø is the scattering angle with respect to the incident beam, and m is an 
integer corresponding to the order of the diffraction peak. 




Figure 3.3: Illustration of Bragg’s Law in a simple crystal. The green spheres 
represent atoms in the crystal lattice structure. 
The quality of a film texture could be further studied through a rocking curve 
scan. The rocking curve was conducted by first performing a normal ranged 
scan and determining the 2θ peak angle to be investigated. A more detailed 
scan was subsequently conducted by ‘rocking’ the sample over a very small 
angular range or omega (ω) around the selected peak angle, while keeping a 
fixed position for the detector. The film quality can be determined by 
measuring the Full-Width at Half Maxima (FWHM) of the rocking curve peak. 
A narrow FWHM indicates good film quality with high crystallinity. 
The XRD system used in this study is a Phillips X’pert PRO Material 
Research Diffractometer. Copper K-alpha radiation (wavelength λ = 0.1518nm) 
is emitted through a Germanium (220) monochromator from a Multi-Pixel 
Photon Counter X-ray generator. The theta-2theta (θ-2θ) spectra scan range 
was set from 30 to 50°, while the rocking curve scan was centered about the 
MgO (200) fundamental characteristic peak which is between 42 to 43°. The 
presence of the MgO (200) peak will indicate the formation of the FCC [001] 
halite structure in a crystalline MgO film [53, 54]. 
Incident X-rays 
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3.1.2.3. Atomic Force Microscopy 
The Atomic Force Microscopy (AFM) surface characterization technique was 
used for the determination of the surface roughness of MgO samples. The 
AFM is able to map topographical features with very high resolutions of down 
to 0.01nm. Figure 3.4 explains the working principles for an AFM. A 
cantilever is fixed at one end and the other end has a sharp tip that is 
positioned above the surface of a sample. When the cantilever tip scans the 
sample in the x-y plane, the repulsive force between the tip atoms and the 
sample surface atoms causes the cantilever to bend vertically with respect to 
the contours of the surface features. The amount of vertical displacement or 
deflection can be determined by focusing a laser beam on the back of the 
cantilever and detecting the reflected beam with a photo-detector. Images of 
the topographical features can then be obtained either by detecting the change 
in deflection of the cantilever in variable deflection mode, or by maintaining a 
constant tip-to-surface force and recording the z-movement of the sample in 
constant force mode. 
 
Figure 3.4: Schematic diagram of an AFM basic mechanism. 
Chapter 3. Optimization and Analysis of MgO/FePt Thin Films 
29 
 
The AFM tip can also be operated in three modes depending on the scan 
requirements. These are: (1) contact mode where the tip is in direct contact 
with the surface for highest resolution but slowest scan speed, (2) non-contact 
mode where the tip is hovering over the surface for highest scan speed but 
lowest resolution, and (3) tapping mode where the tip is intermittently 
touching the surface for a balance of both resolution and scan speed. 
This work employed a Veeco DI Dimension V Scanning Probe System that is 
set up as an AFM. For the AFM tips, we selected 4.6 um thickness Silicon 
SPM-Sensor tips from NanoWorld for determining the surface roughness of 
the MgO samples. Tapping mode was selected to avoid damaging the sample 
surface or AFM tips, and the scan rate frequency was set at 1 Hz. 
3.1.3. Results and Discussion 
3.1.3.1. Crystallographic Structure 
Figure 3.5 shows the XRD theta-2theta (θ-2θ) spectra of all deposited MgO 
samples with their corresponding growth parameters. The Si (100) peak from 
the silicon wafer substrate was selected as a reference peak. From the figure, it 
was observed that the MgO (200) fundamental characteristic peak was present 
at 2θ = 42.7°. This is consistent with past work that conducted similar scans of 
MgO thin films [53, 54]. However, all the MgO peaks were broad as opposed 
to the silicon peak, and did not exhibit very strong intensities. This made it 
difficult to identify the sample with the optimal MgO film crystallinity. 
Therefore, an omega (Ω) rocking curve scan centered about the MgO (200) 
peak was required for a higher resolution comparison. 




Figure 3.5: XRD theta-2theta spectra of the MgO samples with their corresponding 
growth conditions. The Si (100) peak from the wafer substrate is blanked for clarity. 
Figure 3.6 shows the more detailed Ω rocking curve scans centered about the 
MgO (200) peak at 2θ = 42.7°. The Full-Width at Half Maxima (FWHM) 
values that corresponded to the rocking curve scans are indicated below their 
growth parameters. For the crystallographic optimization of MgO seed layer, 
the (200) peak is desired to have maximum intensity and minimum FWHM. 
Preliminary observations reveal that the peak with the lowest FWHM (5.967°) 
and highest intensity was exhibited by sample M6, which was deposited with a 
low RF power of 50 W, a low working pressure of 2 mTorr, and a high 
substrate temperature of 100°C. A lower power results in a slower deposition 
rate that could provide more time for crystalline growth. In addition, a lower 
pressure (less kinetic energy lost to scattering) and higher temperature (more 
thermal energy) both increases the surface mobility of the sputtered atoms. 
































Figure 3.6: XRD omega rocking curve scan about the MgO (200) peak for all MgO 
samples with their corresponding growth parameters and indicated FWHM values. 
 
Figure 3.7: Pareto chart indicating the contribution effects from the growth 
parameters and interaction pairs to the variability of the FWHM value. 
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The actual contribution effects by the growth parameters (RF power, working 
pressure, and substrate temperature) to the FWHM value of MgO (200) peak 
are presented in Figure 3.7 as a Pareto chart. The contribution effect values 
were derived from the slope coefficients of the low-to-high variation for each 
parameter or interaction pair.  
For contribution by parameters, a positive effect indicates that increasing or 
decreasing a specific parameter will also increase or decrease the FWHM 
accordingly. Conversely, a negative effect implies that the variation in 
amplitude of a parameter acts oppositely on the FWHM. For example, 
increasing a parameter value will decrease the FWHM instead, and vice versa. 
For contribution by interaction pairs, a positive effect indicates that increasing 
one parameter will increase the contribution of the other; a negative effect 
indicates increasing one parameter will reduce the contribution of the other. 
From the Pareto chart, it was observed that the contributions by power and 
pressure were positive, and the contribution by temperature was negative. This 
means that the optimal MgO film quality (or lowest FWHM value) could be 
achieved by decreasing power and pressure, while increasing temperature. 
Power was also shown to have the most significant effect on the FWHM, 
while both pressure and temperature had relatively smaller contributions. This 
implies that the MgO film quality was most affected by modification of the 
power amplitude, which in turns altered the deposition rate. If the deposition 
rate is too high, there is insufficient time for sputtered atoms to rearrange into 
crystalline formations even at a lower pressure and higher temperature. This is 
evident from the relatively poor FWHM value of sample M8, which was 
grown at the conditions: 200 W, 2 mTorr and 100°C. 
Chapter 3. Optimization and Analysis of MgO/FePt Thin Films 
33 
 
For the contribution effects by interaction pairs, it is revealed that power and 
temperature showed greater interaction synergy (higher effect), while pressure 
was largely independent of the other two parameters. A slower deposition rate 
due to decreasing power could allow more time for sputtered atoms to 
rearrange on the substrate surface. In conjunction with a higher substrate 
temperature that increases atom surface mobility, the overall effect could be 
multiplied and thereby explaining the larger interaction effect between these 
two parameters. Conversely, pressure only affects the sputtered atoms during 
their flight from target to substrate, as well as the bombardment of argon ions 
on the target surface. Therefore it is not influenced much by power that acts at 
the target source, and temperature that acts at the substrate [55]. 
3.1.3.2. Surface Roughness 
Surface roughness is a crucial factor due to the very thin film thickness of FePt. 
The roughness of the MgO seed layer has to be as low as possible as this may 
affect the film continuity of the ultra-thin FePt layer (thickness <3nm) to be 
deposited subsequently. In addition, a large roughness value could also lead to 
poor epitaxial growth in the FePt layer [55].  
Figure 3.8 presents the AFM topographical scans of the MgO samples with 
their corresponding growth parameters and surface roughness root-mean-
square (Rrms) values. The variation in roughness values for all the samples was 
observed to be not considerable (up to 0.28 nm difference). This may explain 
the lack of distinguishable differences in topographical features in many of the 
AFM scans. However, direct comparison of the Rrms data suggests that the 
surface roughness was optimal (or lowest value) with all growth parameters 
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(power, pressure and temperature) in the high range. This is indicated by 
sample M9, which had the optimal Rrms value of 0.191 nm, and was deposited 
under high growth conditions of 200 W, 10 mTorr and 100°C.  
Sample M6, while exhibiting the greatest degree of crystallinity from the XRD 
rocking curve results, was observed to have the second poorest Rrms value of 
0.342 nm. Sample M1 was also observed to possess the least optimal Rrms 
value of 0.473 nm. Further examination of the AFM scans of both M1 and M6 
in Figure 3.8 indicated the presence of multiple large grains. This could 
signify the formation of crystalline films with multiple large domains instead 
of being a single crystal film. As M6 had significantly larger grain sizes, it has 
a better surface roughness property. Conversely, not much topographical 
features, such as grains, are discernible in the AFM scans for the smoother 
samples that were deposited with higher power and temperature. This could be 
due to a largely amorphous structure with many small indistinguishable grains.  
 
Figure 3.8: Atomic Force Microscopy topographical scans of the MgO samples with 
their corresponding growth conditions and surface roughness values. 
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From the AFM scans and Rrms data, it could be difficult to determine the actual 
impact by each growth parameter. Therefore, as with the FWHM main effects 
chart, the contribution by each parameter and interaction pair to the surface 
roughness could be derived from their slope coefficients. The contribution 
effect values are presented in Figure 3.9 as a Pareto chart. The implications of 
a positive or negative effect value were explained previously in Section 3.1.3.1. 
In Figure 3.9, it is discovered that the contributions by all growth parameters 
(power, pressure and temperature) were negative, while the impact from 
power and pressure was higher than from temperature. This implies that the 
optimal MgO film surface roughness (or lowest Rrms value) could be achieved 
by increasing all the parameters, with emphasis on power and pressure. A high 
deposition rate (due to higher power) and high pressure could result in 
sputtered atoms with insufficient time for crystal formation, as well as reduced 
surface mobility due to more kinetic scattering. As a consequence, this forms 
an amorphous film which tends to exhibit smoother surface roughness.  
 
Figure 3.9: Pareto chart indicating the contribution effects from the growth 
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For the contributions by interaction pairs, it was highlighted that power and 
pressure demonstrate greater interaction synergy (higher effect), while 
temperature was more independent of the other two parameters. When power 
is increased, the sputtered atoms increase in both concentration and initial 
kinetic energies. This results in greater number and impact of collisions with 
argon ions/gases which is directly controlled by the pressure parameter. This 
amplifies the interaction effect on the roughness by power and pressure [55]. 
3.1.4. Summary of DOE 
Table 3.1 compiles the FWHM and surface roughness Rrms data to their 
corresponding growth parameters. It can be concluded that sample M6 
exhibits the optimal FWHM of 5.967°. Its Rrms of 0.342 nm, while not being 
the optimal result, is still within the acceptable range of this work as it will not 
significantly affect the film continuity of the FePt layer to be subsequently 
deposited. Therefore, the growth parameters for M6 are selected for the 
optimized seed layer in the final Hall bar device. 
Table 3.2: Summary of MgO growth parameters and their resulting FWHM and 
surface roughness values. The growth parameters from sample M6, which is 













M1  50 2 30  6.903 0.473 
M2  50 10 30  7.501 0.262 
M3  200 2 30  7.860 0.235 
M4  200 10 30  8.547 0.229 
M5  125 6 65  7.526 0.274 
M6  50 2 100  5.967 0.342 
M7  50 10 100  6.422 0.240 
M8  200 2 100  7.779 0.228 
M9  200 10 100  8.385 0.191 
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3.2. Analysis of FePt Magnetic Film on MgO Seed Layer 
This section describes the analysis of the magnetic and film properties of the 
FePt magnetic layer in preparation for Hall device fabrication. First, the 
deposition conditions for the FePt film are briefly specified below. Next, the 
characterization equipment that were utilized to study the FePt samples are 
detailed, and subsequently the measured magnetic and cross-sectional film 
properties are presented and analyzed.  
Using the magnetron sputter system, FePt thin films were deposited with 
thicknesses of 1, 2 and 3 nm on optimized 10 nm thick MgO seed layer from 
the previous section. The FePt growth parameters are kept constant at a DC 
sputtering power of 35 W, a working pressure of 10 mTorr, and a substrate 
temperature of 500°C. All samples were also deposited with 5 nm thick HfO2 
capping layer to prevent oxidation of the FePt layer on contact with air. The 
capping layer was grown at room temperature using a RF power of 200W and 
a working pressure of 2 mTorr.  
3.2.1. Characterization Techniques 
3.2.1.1. Alternating Gradient Force Magnetometer 
The Alternating Gradient Force Magnetometer (AGFM) system was used to 
characterize the magnetic properties of the deposited FePt thin film samples. 
As the FePt sample thickness is very thin and may have a weak magnetic 
signal, the AGFM was selected over the more commonly available Vibrating 
Sample Magnetometer (VSM) technique as it is approximately 100 times more 
sensitive than the latter [56].  




Figure 3.10: Schematic diagram of an Alternating Gradient Force Magnetometer. 
Figure 3.10 shows a simple design of an AGFM, where the sample is mounted 
at the end of a piezoelectric transducer flexible rod. This rod oscillates when 
the sample is simultaneously subjected to a DC field from a pair of magnets 
and an alternating force from a small Alternating Current (AC) field gradient. 
The horizontal movement of the rod is detected by the by the piezoelectric 
element connected to a lock-in amplifier. The magnitude of the movement is 
proportional to the total magnetic moment of the sample. The AGFM used in 
this study was the MicroMag 2900 magnetometer by Princeton Measurement 
Corporation. Sample size is fixed at 3x3 mm
2
, and the magnetic field sweep 
was applied from -15 kOe to 15 kOe. Three samples for each FePt film 
thickness were characterized for their out-of-plane (perpendicular) and in-
plane (parallel) magnetization hysteresis loops. 
3.2.1.2. Transmission Electron Microscopy 
A cross-sectional investigation of the film structure and crystallinity requires 
imaging techniques with magnification at sub-angstrom resolution. One such 
technique is the Transmission Electron Microscope (TEM) that was utilized 
for the analysis of the MgO/FePt films.  




Figure 3.11: Schematic diagram for a transmission electron microscope. 
As shown in Figure 3.11, the TEM can be described as an electron column 
with mainly three components. The first is the illumination system that 
typically consists of a source of electrons, an anode plate and electromagnetic 
condenser lenses. The electrons are generated either by a field emission gun or 
thermionic discharge from a cathode ray tube. These electrons are 
subsequently accelerated and focused towards the sample as a beam by the 
anode plate and condenser lens respectively.  
The second component is the objective lenses/stage system that comprises of 
the sample holder and various objective condenser and imaging lenses. The 
objective lenses act to further focus the electron beam through the sample and 
create the resultant images and diffraction patterns. The third component is the 
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imaging system that includes diffraction and projection lenses that serve to 
expand and magnify the diffraction patterns or images onto a viewing screen. 
The TEM can be operated in mainly two modes: the diffraction mode and the 
imaging mode. The diffraction mode is selected to extract crystallographic 
information such as lattice spacing and orientation of a crystalline sample. 
This information is presented in the form of an electron diffraction pattern on 
the back focal plane of the objective lens. In the imaging mode, the diffraction 
patterns from the diffraction mode are recombined to form an image on the 
image plane of the objective lens. In this mode, the aperture position in the 
objective lens can also be adjusted to form either bright field images for 
standard conventional imaging, or dark field images for applications such as 
determination of grain size or phases. 
This work used the Tecnai G2 F20 X-Twin TEM from Field Emission 
Incorporated. Diffraction mode was used to determine the lattice orientation of 
the MgO/FePt thin film sample, while the imaging mode with high resolution 
was used to produce bright field images of the film structure and crystallinity. 
The electron source was a 200 keV Schottky field emission gun. The TEM 
information resolution and probe current were 0.14 nm and 0.5 nA/nm 
respectively. For the sample cutting and thinning, a DA300 Focused Ion Beam 
system with a Gallium ion beam source was utilized. 
3.2.1.3. Energy-Dispersive X-ray Spectroscopy 
The Energy-Dispersive X-ray spectroscopy (EDX) is generally conducted in 
tandem with a TEM scan to identify and acquire the quantification of the 
elemental or chemical composition in a sample. While the TEM is able to 
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obtain highly-magnified images of the film structure and crystallinity of the 
MgO/FePt thin films, it is unable to discern between the individual elements 
within the sample. Therefore, the EDX was employed as a complement to 
verify the presence of the different elements and check for any possible 
oxidation in the FePt layer. 
The main components in an EDX system include a detector and a pulse height 
analyzer. When a focused electron beam from the TEM source gun bombards 
atoms in a sample, electrons in the inner shells may be struck and ejected, thus 
creating vacancies within the inner orbit. Electrons from the outer shells will 
subsequently transit into the inner orbit to fill the vacancies, and this process 
emits characteristic X-ray photon energies that are quantized and unique to 
that element. These X-ray photons are detected by a detector system that sends 
output pulses that are proportional in height to the photon energy. The pulses 
are then received and processed into images by the pulse height analyzer. 
For the elemental analysis, this work utilized the built-in EDX system from 
the Tecnai G2 F20 X-Twin TEM model that was detailed in Section 3.2.2.2. 
The EDX system was run using the Scanning TEM (STEM) mode that 
operates by scanning the electron beam in a raster pattern and displaying the 
elemental distribution map. Four elements, namely iron (Fe), platinum (Pt), 
hafnium (Hf) and oxygen (O), were selected to be identified and traced. The 
element O was included as it can determine both the presence of MgO and any 
possible oxidation in the FePt matrix. 
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3.2.2. Results and Discussion 
3.2.2.1. Magnetic Properties 
Figure 3.12 presents the out-of-plane and in-plane magnetization hysteresis 
loops of the FePt thin film samples with thicknesses of t nm (where t = 1, 2 
and 3). It could be observed that for film thickness of 1 and 2 nm, both the 
out-of-plane and in-plane hysteresis loops were similar in shape and scale, and 
exhibited considerably weaker coercivities HC and remanent magnetization Mr 
than for the 3 nm sample. This could imply that there is no presence of strong 
magneto-anisotropy in either axis for film thicknesses of 2 nm and below. In 
contrast, the 3 nm FePt sample exhibited significantly a higher HC value, but 
the in-plane magnetization was slightly lower than for the 1 and 2 nm films. In 
addition, its out-of-plane hysteresis loop showed a significantly greater ratio of 
Mr to saturation magnetization (MS). This implies a larger degree of ordering 
for the crystalline phase in the 3 nm FePt thin film sample. 
Figure 3.13 highlights the direct comparison of the coercivity (HC) values and 
magnetization per unit volume for the FePt thin film samples as a function of 
thickness. In the case of coercivity, it did not vary greatly for 1 and 2 nm film 
thickness. At 3 nm, there was a considerable increase in the out-of-plane HC. 
For the magnetization, the in-plane component was higher than the out-of-
plane component for 1 and 2 nm samples, and was reversed for the 3 nm 
sample. Together with the observations in Figure 3.12, it is evident that only 
the 3 nm thick FePt film exhibited strong perpendicular magneto-anisotropy. 
Therefore, this work selected the thickness of the FePt layer to 3 nm for the 
TEM/EDX cross-sectional scan, as well as for the Hall bar device fabrication. 




Figure 3.12: Out-of-plane (in red) and in-plane (in blue) magnetization hysteresis 
loops of FePt thin films with thicknesses of t nm (where t = 1, 2 and 3). 
 
Figure 3.13: Out-of-plane and in-plane coercivity (HC) values and magnetization per 
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3.2.2.2. Film Structure and Crystallinity 
Figure 3.14 shows the cross-sectional film structure and crystallinity of MgO 
(10 nm)/FePt (3 nm)/HfO2 (5 nm) thin film sample from the Transmission 
Electron Microscopy (TEM). In Figure 3.14(A), it was observed that the FePt 
layer was not a single continuous film. Instead, the FePt was formed into 
segregated clusters with voids between them.  
It is very likely that the HfO2 from the capping layer had been deposited into 
the voids. Both observations of FePt and HfO2 will be subsequently verified 
from the element identification scans by the Energy-Dispersive X-ray 
spectroscopy (EDX) in the next section. The formation of FePt in clusters with 
HfO2 as the grain boundaries could result in a high electrical sheet resistance, 
which may reduce the Hall Effect voltage signal.  
From Figure 3.14(B), the bottom MgO seed layer was established to be a 
largely crystalline film with large grains in the FCC [001] phase. The lattice 
orientation of the different grains was observed to be slightly misaligned, and 
this could account for the broadening of the MgO (200) peak in the X-ray 
spectra shown in Figures 3.5 and 3.6.  
The presence of the large crystalline grains also confirms the explanation for 
the relatively higher surface roughness data of the sample M6 in Section 
3.1.3.2. In contrast, the FePt clusters were observed to be partially crystalline 
with the [001] face-cubic-tetragonal phase. This could be due to less epitaxial 
growth as a result from the larger surface roughness of the bottom MgO seed 
layer [55]. 






Figure 3.14: (A) TEM cross-sectional scans of the film structure of MgO/FePt/ HfO2 
thin film sample. (B) Scan of the film crystallinity under very high magnification, 
with the diffraction patterns of FePt [001] and MgO [001] orientations on the right. 
3.2.2.3. Elemental Analysis 
Figure 3.15 shows the elemental distribution map of the MgO (10 nm)/FePt (3 
nm)/HfO2 (5 nm) thin film sample scanned by the Energy-Dispersive X-ray 
spectroscopy (EDX) system. The mapping images of Fe (in yellow) and Pt (in 
blue) indicates their distribution in the sample. These two images confirm the 
formation of FePt in clusters with voids between them as shown in the TEM 
scans from Figure 3.14. Within the clusters, both Fe and Pt were observed to 
correlate well together with an equal and uniform elemental distribution.  
(A) 
(B) 




Figure 3.15: Cross-sectional elemental mapping of Fe, Pt, Hf and O in a 
MgO/FePt/HfO2 thin film sample from the Energy-Dispersive X-ray Spectroscopy 
system. The leftmost image is the conventional TEM scan of the same area. 
The distribution of HfO2 is highlighted by the mapping images of Hf (in cyan) 
and O (in red). It is verified that the HfO2 had completely filled up the voids 
between the FePt clusters. This effectively resulted in a granular FePt structure 
with HfO2 acting as the grain boundaries. In addition, the concentration of O 
in the bottom seed layer was observed to be denser than in the top capping 
layer. This could be due to the difference in atomic weight between Hf and 
Mg, which are 178.49 and 24.305 respectively. As Hf atoms are significantly 
larger, they will occupy more volume in the capping layer.  
Further observations also revealed the absence of O atoms within the FePt 
clusters. This is a strong indication that the HfO2 capping layer had 
successfully served its function to protect the FePt from oxidation, and there 
was also no migration of O atoms into the FePt clusters. 
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3.3. Summary of Chapter 3 
In this chapter, a Design of Experiment (DOE) was conducted to investigate 
and optimize the crystallographic properties and surface roughness of MgO 
seed layer. The most suitable combination of growth parameters was 
determined to be a RF power of 50 W, a working pressure of 2 mTorr, and a 
substrate temperature of 100°C.  
Subsequently, varying thicknesses of FePt thin films were deposited on the 
optimized MgO seed layer for magnetic characterization and cross-sectional 
scans by TEM/EDX techniques. It was deduced that there is the strong 
presence of perpendicular magneto-anisotropy only for FePt layer with a film 
thickness of 3 nm. Therefore, this work selected the thickness of the FePt 
magnetic layer to 3 nm for the subsequent fabrication of the Hall bar device in 
Chapter 4. 
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Chapter 4. FePt Device Fabrication and Electrical 
Tuning of Hall Effect Characteristics 
This chapter follows up on the results of Chapter 3 and focuses on fabrication 
and electrical characterization of the FePt Hall bar devices. First, the process 
of fabricating the optimized thin films into devices is described. Next, the 
development of the in-house measurement setup of the Anomalous Hall Effect 
(AHE) and Planar Hall Effect (PHE) characteristics is detailed. The results for 
the tuning of the Hall hysteresis loop and Hall Voltage Ratio (HVR) with an 
applied gate voltage are then presented and analyzed. 
4.1. Designing the Hall Bar Device  
Before the actual fabrication of the Hall bar devices, pattern layouts were first 
designed using AutoCAD software. Using AutoCAD, the topography of the 
device was specified by polygonal shapes that belong to different layers. Each 
layer corresponded to a particular step of the fabrication process. The designs 
in each layer were then utilized in the fabrication of the optical mask which 
was employed in the photo-lithographical patterning of each device layer. 
Figure 4.1 presents the design pattern layouts that are used for the optical 
mask. There are a total of 4 layers or process steps for the entire fabrication. 
The length of the Hall bar, excluding the electrode pads, was selected to be 
800 μm. The Hall bar widths were set at 30, 50 and 80 μm. The width of the 
Hall probes for measurement of the Hall voltage was kept constant at 10 μm 
for all devices. Each completed device will have a final total footprint area of 
2450 x 1950 μm2. 







Figure 4.1: Layer patterns in the photolithography mask used for the following steps: 
(A) alignment marks and device borders etching, (B) Hall bar etching, (C) gate 
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4.2. Fabricating the Hall Bar Device 
After designing the pattern layout for the various layers of the device and 
making the optical mask, the device fabrication stage can begin. First of all, 
MgO (10 nm)/FePt (3 nm)/HfO2 (5 nm) thin films were deposited on oxidized 
silicon wafer substrates using the magnetron sputtering technique. The MgO 
seed layer was grown at a RF power of 50 W, a working pressure of 2 mTorr 
and a substrate temperature of 100°C.  
Next, the FePt magnetic layer was grown at a DC power of 35 W, a pressure 
of 10 mTorr, and at 500°C. Finally the HfO2 capping later was grown at a RF 
power of 200 W, a pressure of 2 mTorr, and at room temperature. These film 
samples were consequently fabricated into Hall bar devices for electrical 
characterization. The fabrication stage involved mainly three processes that 
are described in the next few sections: (1) photolithography for transferring of 
layer pattern onto the thin films, (2) ion-beam etching out the Hall bar pattern, 
and (3) magnetron sputter deposition of gate insulating oxide and metallic 
electrode pads.  
4.2.1. Photolithography 
The photolithography process was utilized for the transferring of device 
patterns for all layers. The MgO/FePt/HfO2 thin film sample substrate was 
first baked at a temperature of 100⁰C. This is to remove any traces of solvent 
or moisture that may be trapped inside the sample. Otherwise, bubbles may be 
generated in the resist coating during the pre-exposure baking step and disrupt 
the pattern design. Next, the photoresist was dispensed and spin-coated onto 
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the sample. The Delta 80RC Spin-coater from SUSS MicroTec was utilized 
for the application of photoresist onto the samples. The S1811 photoresist (1.2 
μm thickness) from Shipley Microposit was selected as the primary resist 
layer, and the PMGI SF6 photoresist (0.2 μm thickness) from MicroChem was 
selected as the undercut resist layer during the deposition step. Both resists are 
positive type. After the resist had been spin-coated, it was subjected to a pre-
exposure baking to activate the cross-linking reaction in the resist. This step 
will also remove any solvent remaining in the resist and improve the coating 
uniformity. For the S1811 resist, the pre-exposure baking temperature and 
duration was 120⁰C for 1 minute, while the SF6 required 180⁰C for 3 minutes.  
Next, the optical mask was placed in proximity over the resist and the 
unblocked regions were exposed to ultra-violet (UV) light. The cross-links in 
these exposed regions subsequently began to break down. The Ultratech 
1700MVS Stepper was selected for this UV exposure step and the energy 
exposure level is 120 mJ/cm
2
. After exposure, the sample was subjected to a 
post-exposure bake at 120⁰C for 1 minute. This is to further activate the photo-
reaction in the exposed regions and to improve the adhesion to the sample 
surface. Finally, the sample was immersed in a sodium hydroxide (NaOH)-
based developer solution for 1 minute, and the UV-exposed regions were 
dissolved and removed, leaving behind the final patterned resist. After the 
etching or deposition process, the remaining resist was removed via the liftoff 
technique. The sample was immersed in a solvent consisting of PG remover 
and acetone (50:50 ratio) to completely remove all resist and leaving behind 
the patterned layer. 
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4.2.2. Ion Beam Etching of Hall Bar 
 
Figure 4.2: Simplified schematic of the Ion Beam Etching (IBE) system. 
This work employed the Ion Beam Etching (IBE) technique to etch out and 
isolate the Hall bar pattern from the thin film samples. Figure 4.2 illustrates 
how chemically inert argon gas atoms are ionized in a plasma cloud generated 
within the electric discharge of a heated cathode and anode plates inside an 
ionization source. These argon ions are then accelerated through a pair of 
optically aligned grids and form a highly collimated ion beam which 
bombards the substrate surface.  
The velocity of these bombarding ions can be controlled by an accelerating 
voltage. The substrate was mounted on a tilted work plate that rotates during 
the milling operation to ensure uniform etching of the targeted area. In this 
work, we utilized the Intlvac Ion Beam Etching (IBE) System model: NQI-
14CMRF-4CMRF-3T from Nanoquest, and the etching power was 300 V. 
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4.2.3. Deposition of Gate Insulator and Electrodes 
To generate and maintain a strong electric field, the gate insulator oxide must 
possess both a high dielectric constant K for good electrical polarizability, and 
a suitably wide energy band-gap to ensure minimum current leakage and high 
voltage breakdown threshold limit. 
Figure 4.3 shows the relation between band-gaps and static K values for 
various gate oxides, and it can be observed that band-gap is inversely 
proportional to K. Therefore, the required gate oxide must have a balance of 
both K and band-gap. From the figure, Hafnium (IV) Oxide (HfO2) is deduced 
to be the most suitable candidate as it has both adequately high K value of ~24 
and band-gap of ~6.0 eV. In addition, HfO2 has a high melting point of 
2758°C and good mechanical/chemical stabilities [57, 58]. 
 
Figure 4.3: Relation between energy band-gaps and static dielectric constants K for 
various gate oxides [59]. HfO2 is indicated at the intersection of the dotted red lines to 
possess the optimal balance of band-gap and K, therefore it is selected to be the gate 
insulator oxide for the Hall bar device. 
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The magnetron sputter system described in Section 3.1.2.1 was utilized to 
deposit the HfO2 gate insulator oxide and subsequently, both top and bottom 
Ta/Au electrode pads as well. The HfO2 was deposited with 50 nm thickness 
using a RF power of 200 W, a pressure of 2 mTorr, and at room temperature. 
For the electrodes, 10 nm thick Ta was first deposited as an adhesion layer, 
followed by 70 nm thick Au as the main electrode layer. Both metals were 
grown with 50 W of DC power, 10 mTorr pressure, and at room temperature.  
Figure 4.4 illustrates the summary of all fabrication steps for the Hall bar 
device, while Figure 4.5 shows a Scanning Electron Microscopy (SEM) image 





Figure 4.4(A) to (D): Simplified illustrations indicating the 4 process steps for the 
fabrication of the FePt Hall bar devices (not-to-scale). 
(C) Deposit 50 nm HfO2 at room 
temp. 
(A) Deposit 10 nm MgO at 100°C 
Deposit 3 nm FePt at 500°C 
Deposit 5 nm HfO2 at room temp. 
(B) Ion beam etching of Hall bar 
pattern (30, 50, 80 μm widths) 
 
 
(D) Deposit 10 nm Ta and 70 nm 
Au at room temp. 
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Figure 4.5: (A) SEM image of the completed Hall bar device. The top electrode pad 
is indicated, while the rest are all bottom electrodes. (B) Cross-sectional layer 
schematic of all the films in the device. 
4.3. Electrical Characterization Method 
4.3.1. Packaging Process of Hall Bar Device 
Figure 4.6 details the process by which the Hall bar device was packaged for 
eventual testing in the Hall Effect measurement setup. First, the wafer 
substrate was diced into individual devices with an Okamoto ADM-6D 
diamond wheel dicing machine. Each device was then adhered by epoxy paste 
to a 24-pin side-brazed ceramic package (chip holder) from Spectrum 
Semiconductor Materials. The electrode pads of the device were ultrasonic-
welded with double aluminum wires (1 mil diameter) onto the gold pads of the 
ceramic package. The welding was conducted with a Kulicke & Soffa 
4523AD wedge bonder system.  
Figure 4.6(A) shows the welded electrode pads and their respective circuit 
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from the pads labelled I+ to I−. The Hall Voltage VH was measured by 
detecting the voltage drop across the Hall bar from the pads labelled VH+ to 
VH−. A gate voltage VG was applied between the top pad (VG+) and bottom 
pad (VG−) to generate a electric field across the HfO2 gate insulator and thus 
electrically control the Hall Effect properties of the FePt thin film.  
Finally, the ceramic package with the device was mounted into an Aries 
Electronics zero insertion force test socket that was soldered onto an in-house 
designed printed circuit board (PCB) with 50 Ω impedance. The layout of the 
PCB allowed for up to 8 electrical connections to be run simultaneously, and 
was designed with Altium Designer, an electronic design automation software 
package. 
 
Figure 4.6: Diagram illustrating the overall packaging process of the Hall bar device. 
(A) Optical image of the device with welded wire bonds and circuit configuration. 
(A) 
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4.3.2. Hall Effect Measurement Setup 
As illustrated in Figure 4.7, the entire fixture (comprising of the Hall bar 
device, ceramic package, test socket and PCB) was suspended between a pair 
of electromagnets by a brass rod. The PCB was connected via non-magnetic 
coaxial cables to a magneto-resistance (M-R) controller (model: 1660 MRS) 
from Digital Measurement Systems. The M-R controller applied a constant 
current of 10 uA to the device and measured the corresponding VH. A Keithley 
2602 sourcemeter was utilized as a DC source to apply VG with a range of up 
to 6 V, which corresponds to a gate electric field of E = 1.09 MV/cm. 
To determine the Anomalous Hall Effect (AHE) and Planar Hall Effect (PHE) 
properties, the VH value across the Hall bar was measured under a magnetic 
field sweep of ±10 kOe. The device was placed perpendicular to the magnetic 
field direction to obtain the AHE, and placed parallel for the PHE. A Hall 
hysteresis loop, which is indicative of the magnetic properties of the device, 
was obtained when the VH was plotted as a function of applied magnetic field. 
 
Figure 4.7: Diagram illustrating the Hall Effect measurement setup. 
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4.4. Hall Effect Characteristics under a Gate Voltage  
4.4.1. Results of Anomalous Hall Effect Measurements 
Figure 4.8 presents the hysteresis loops from the Anomalous Hall Effect (AHE) 
measurement of the Hall voltage VH of Hall bar devices with three different 
widths (30, 50 and 80 μm) under a magnetic field sweep of ±10 kOe, and for 
varying applied gate voltages of up to ±6 V depending on the breakdown limit. 
The linear background due to the Ordinary Hall Effect had been subtracted.  
As observed, the Hall loops were well-defined and indicative of perpendicular 
magnetization. The average coercivity HC from all devices at 0 V was 
measured to be approximately 1808.9 Oe. However, both the shape of the Hall 
loops and the HC value were different from the Alternating Gradient Force 
Magnetometer (AGFM) measurements in Figure 3.12, which also indicated an 
average HC of approximately 2612.5 Oe. The disparities between these two 
measurement techniques could be due to a combination of factors that include 
a large variance in sample size (millimeter-scale for AGFM against 
micrometer-scale for AHE), modification of physical properties due to heating 
or ion bombardment damage from the device fabrication processes, and the 
difference in measuring mechanisms (Faraday force for AGFM against 
electrical charge transportation for AHE).  
Furthermore, the saturation Hall voltage, which is the equivalent of the 
saturation magnetization of a magnetic hysteresis loop, changed significantly 
under increasing gate voltage in both positive and negative polarities. For all 
the devices, the saturation Hall voltage increased for most gate voltages values. 
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Anomalous Hall Effect 
 
Figure 4.8: AHE hysteresis loops obtained from the Hall Effect measurement setup 
under the application of a gate voltage. The maximum gate voltage is dependent on 
the breakdown limit for individual devices. For the device with 30 μm Hall width, a 
blown-up of the +2, 0 and −2 V loops is inset for increased clarity of comparison. 
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The change in Hall voltage VH due to a gate voltage could be classified as the 
Hall Voltage Ratio (HVR) property of the device. The HVR is defined as the 
percentage change in VH from the original value at zero gate voltage. For the 
80 and 50 μm Hall widths, the HVR values from 0 V to +6 V of gate voltage 
were indicated to be 367.0% and 320.7% respectively. For the 30 μm width 
device, the HVR from 0 V to +6 V was indicated to be 1145.6%. If the lowest 
voltage value at −2 V is considered to be the baseline of 100%, the resulting 
HVR% could be a maximum of 2227.4% at +6 V. 
Further examination of the Hall loops also revealed that there was no 
discernible change in both the HC values under different gate voltages. 
Therefore, Figure 4.9 shows a more precise indication of the change in HC as a 
percentage of the original value at zero gate voltage.  
 
        Anomalous Hall Effect 
 
Figure 4.9: Percentage change of coercivity for the AHE characteristics in the Hall 
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It was observed that HC of the FePt device increased in the negative voltage, 
and decreased in the positive voltage. However, the maximum change in HC 
was only up to 0.8%, which may not be sufficient for practical application of 
the gate voltage-induced effect in modifying magnetic properties. Since the 
coercivity and the shape of the loops did not change considerably, it could be 
assumed that the magnetization of the FePt thin film is sufficiently robust as 
not to be affected much by the applied gate voltage.  
The next section will investigate if there are similar trends in the VH and HC 
for the Planar Hall Effect (PHE) characteristics. 
4.4.2. Results of Planar Hall Effect Measurements 
Figure 4.10 presents the hysteresis loops from the Planar Hall Effect (PHE) 
measurement of the Hall voltage VH of Hall bar devices with three different 
widths (30, 50 and 80 μm) under a magnetic field sweep of ±10 kOe, and for 
varying applied gate voltage VG of up to ±6 V. It was observed that the Hall 
loops are well-defined and indicative of in-plane magnetization.  
The average coercivity HC from all devices at 0 V was measured to be 
approximately 322.7 Oe. In contrast with the loops in Figure 4.8, the shape of 
the Hall loops and the HC value were more comparable to the magnetic 
measurements from the Alternating Gradient Force Magnetometer (AGFM) in 
Figure 3.12, which indicated an average HC of approximately 384.9 Oe. 
Equally for the AHE loops, this slight reduction in HC could also be due to the 
fabrication processes or difference in measurement mechanisms. 
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Planar Hall Effect 
 
Figure 4.10: PHE hysteresis loops obtained from the Hall Effect measurement setup 
under the application of a gate voltage. The maximum gate voltage is dependent on 
the breakdown limit for individual devices. For the device with 80 μm Hall width, a 
blown-up of the +6, +5 and 0 V loops is inset for increased clarity of comparison. 
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The saturation Hall voltage for the PHE measurements was also observed to 
change under increasing gate voltage in both positive and negative polarities. 
However, the Hall voltage values for the PHE were significantly lower than 
for the AHE. With no gate voltage, the maximum VH for the PHE was 9.79 μV 
in a 30 μm device, while it was 105.6 μV for an AHE measurement. The much 
weaker PHE signal could be expected in magnetic thin films with very strong 
perpendicular magnetic anisotropy [60-62]. However, when a VG of +6 V was 
applied, the VH value was increased less than twice to 17.3 μV for the PHE 
while the VH was increased by more than ten-fold to 1198.0 μV for the AHE. 
Furthermore, the HVR behavior under a gate voltage is different for the PHE. 
In the positive voltage polarity for PHE, it was observed that the increase in 
VH was relatively smaller than for the AHE. The maximum increase in HVR 
from 0 V to +6 V was shown to be 180.2% for the 30 μm width device, while 
the 80 μm device indicated a slight increase of only 113.1%. If the lowest 
Voltage value at −4 V is considered to be the baseline of 100%, the resulting 
HVR was a maximum of 631.0% at +6 V. For all the negative voltages up to 
−6 V, the HVR was consistently smaller than the original value at 0 V, with 
indicated minima in the −4 to −5 V range. 
From the PHE hysteresis loops, it is also difficult to discern any distinct 
change in the HC values under application of different gate voltages. Therefore, 
Figure 4.11 shows a more precise indication of the change in HC as a 
percentage of the original value at gate voltage of 0 V. It was observed that HC 
of the FePt device increased in the negative voltage, and decreased in the 
positive voltage.  
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   Planar Hall Effect 
 
Figure 4.11: Percentage change of coercivity for the PHE characteristics in the Hall 
bar devices as a function of gate voltage. 
The change in HC for the PHE was a maximum value of 1.1% for a voltage of 
+6 V in the 30 μm device. This is only slightly higher than the 0.8% HC 
change for the AHE and could be due to a lower baseline coercivity. In 
summary, the change in HC is not very significant for both AHE and PHE 
measurements under an applied gate voltage. However, their similar trends 
could still indicate the alteration of the magnetic properties of the FePt film by 
the charge trapping effect from the gate voltage [19-23].  
In the next section, the possible mechanisms behind the differences between 
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4.4.3. Discussion of Differences between AHE and PHE 
All the disparities observed thus far between the AHE and PHE measurements 
could be due to their charge carrier mechanisms under different magnetic field 
directions. Figure 4.12(A) shows that in an out-of-plane field, the carriers are 
deflected perpendicularly to the current by a Lorentz force Fy, thus resulting in 
a large potential difference (Hall voltage) along the y-axis. Further, the AHE is 
highly dependent on spin-dependent scattering mechanisms that make it more 
susceptible to any change in current densities [63]. Both reasons may explain 
the considerable change in Hall Voltage under an applied gate voltage. 
Conversely in Figure 4.12(B) under an in-plane magnetic field, the carriers are 
deflected along the z-axis by Fz. As a result, the PHE voltage along the y-axis 
is drastically reduced as is evident from the small VH values. These deflected 
carriers could also disrupt the effects of the gate voltage, which is applied 
along the z-axis, and may consequently lead to a smaller impact on VH. 
 
 
Figure 4.12: Illustrations indicating the Lorentz force F acting on the charge carrier 
under an (A) out-of-plane magnetic field, and (B) in-plane magnetic field. 
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Despite the deflection of the carriers in the z-axis, a Hall hysteresis loop could 
still be measured along the y-axis. This is because the PHE produces an 
electric field that is both parallel and perpendicular to the current [64]. As this 
electric field is proportional to the in-plane magnetization in the FePt thin film, 
it will be represented consequently as a hysteresis loop when tabulated from 
the measured Hall voltage values. 
While the magnetic properties could not be altered significantly by the gate 
voltage effect, the simultaneous change in VH is substantially large especially 
for the AHE characteristics. Therefore, the next chapter will further explore 
and investigate the physics of the Hall Effect characteristics by measurement 
of the angular dependence of the magnetization transition and charge carrier 
transportation behavior along the Hall bar. 
4.5. Summary of Chapter 4 
In this chapter, the process of fabricating the optimized thin films into devices 
was described. Next, the development of the in-house measurement setup of 
the Anomalous Hall Effect (AHE) and Planar Hall Effect (PHE) 
characteristics was detailed. The results for the electrical tuning of the Hall 
hysteresis loop and Hall Voltage Ratio (HVR) by an applied gate voltage were 
then presented and analyzed.  
It was observed that the Hall voltage VH changed significantly under 
increasing gate voltage in both positive and negative directions. For the AHE, 
the change in coercivity HC was a maximum of 0.8% at ±6 V of gate voltage, 
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while the HVR was able to achieve up to 1145.6% from 0 to +6 V and up to 
2227.4% from −2 V to +6 V.  
For the PHE, the change in HC was a maximum of 1.1% at ±6 V of gate 
voltage, while the HVR was able to achieve 180.2% from 0 to +6 V and up to 
631.0% from −4 V to +6 V. Finally, the possible deduction for this disparity 
was attributed to the different Hall Effect mechanisms under out-of-plane or 
in-plane magnetization directions. 
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Chapter 5. Investigation of Hall Effect Mechanisms 
under a Gate Voltage 
As a further study, this chapter presents an investigation of the mechanisms 
and physics behind the non-linear and non-symmetrical manipulation of the 
Hall Effect characteristics by application of a gate voltage. First, the Hall 
Effect angular dependence measurements for the transition from the out-of-
plane magnetization to the in-plane magnetization are highlighted. Next, the 
mechanisms behind the transportation of the Hall charge carrier are addressed 
through the examination of the longitudinal voltage measurements and Hall 
voltage versus applied current characteristics.  
5.1. Angle Dependence Study 
5.1.1. Experimental Setup 
For the angle dependent measurements of the Hall Effect characteristics, a test 
fixture with a Hall bar device was suspended between a pair of electromagnets 
that are rotated by a stepper motor. Details of the fixture setup can be found 
earlier in Section 4.3. A magneto-resistance (M-R) controller applied a 
constant current of 10 μA to the device and measured the corresponding Hall 
voltage VH. The values of VH were then plotted as a function of magnetic field 
to obtain the Hall hysteresis loops for the magnetic field angles from 0° to 90° 
to observe the transition from Anomalous Hall Effect (AHE) to Planar Hall 
Effect (PHE) behavior respectively. For the full 360° rotation measurements, a 
Keithley 2602 sourcemeter was utilized as a DC source to apply a gate voltage 
VG of ±4 V, which corresponds to a gate electric field of E = ±0.73 MV/cm. 




Figure 5.1: Definition of the geometrical angles with respect to the plane of the FePt 
Hall bar device. α is the angle between the applied magnetic field H and the sample 
normal, θ is the angle between the magnetization M and the normal, and β is the angle 
between the current and the in-plane magnetization. 
As a directional reference, Figure 5.1 defines the geometrical angles of the 
with respect to the plane of the FePt Hall bar device. In this work, when a 
magnetic field angle is specified, it is referring to the angle α as shown. 
5.1.2. Results and Discussion 
5.1.2.1. Angle Dependence of Hall Effect Characteristics 
Figure 5.2 presents the change in Hall hysteresis loop of a FePt Hall bar 
device under no gate voltage as it transited from an applied out-of-plane 
magnetic field at 0° to an in-plane magnetic field at 90° angle. The range of 
the magnetic field sweep was ±10 kOe. It could be observed that the loop at 0° 
angle exhibited the largest squareness ratio of remanent magnetization to 
saturation magnetization, and showed the highest saturation Hall voltage value 
of approximately 110 μV. This implies the presence of a strong perpendicular 
magnetic anisotropy in the FePt devices. In contrast, the loop at 90° was 
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almost indiscernible with a saturation Hall voltage value of ~10 μV. The inset 
of the 90° loop indicates in-plane magnetization along the device normal.  
 
Figure 5.2: The change in Hall hysteresis loop of a FePt Hall bar device as it transits 
from the Anomalous Hall Effect-dominated behavior at 0° to the Planar Hall Effect at 
90° under no gate voltage. For the angle of 90°, a blown-up is inset to indicate the 
shape of the loop. 



































Figure 5.3: Polar graph of the Hall voltage under the application of a gate voltage of 
+4, 0 and −4 V. Three distinct trends of high (purple), medium (red) and low (green) 
could be observed for the full 360° rotation. 
Figure 5.3 presents the full 360° angular dependence of the Hall voltage under 
the application of VG values of +4, 0 and −4 V. It was observed that for all 
voltages, the value of the VH reduced gradually from 0° to 60°, followed by a 
rapid drop in magnitude as the magnetic field angle increased towards 90° or 
the in-plane magnetic field direction.  
As a result of the gate voltages, three distinct trends of high (purple), medium 
(red) and low (green) could also be deduced about the rotation axis. The 
widest differences in VH values between these trends were located at 0° and 
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and 270° where the in-plane magnetization is dominant, the differences 
between the VH values were at the minimum.  
Further examinations also revealed that the ratio of saturation VH for the out-
of-plane (0°) hysteresis loop to the in-plane (90°) loop was significantly 
greater than the ratio of saturation magnetization in the same loops from the 
Alternating Gradient Field Magnetometer (AGFM) results in Section 3.2.2.1. 
This means that the difference in loop height in the Hall Effect measurements 
was much higher than that from the AFGM. This disparity between the two 
measurements could be explained by the following relation: 
    
   
 
         
     
 
        
  
 
                    (5.1) 
Equation 5.1 shows the three voltage components of a Hall voltage VH 
measurement [64]. The first term is the Ordinary Hall Effect (OHE) where R0 
= Ordinary Hall coefficient, I is the current, t is the sample thickness, and B is 
the magnetic induction. The second term is the AHE where RS is the 
Anomalous Hall coefficient, μ0 is the permeability of free space, and M is the 
sample magnetization. The third term is the PHE where k is the planar Hall 
coefficient. The angles α, θ and β are defined in Figure 5.1. 
From the equation, it can be seen that the OHE is directly proportional to the 
magnetic induction B, while the AHE and PHE components are proportional 
to the magnetization M. In the case of the FePt devices, the OHE signal was 
considerably weaker than the AHE. Therefore the linear slope, which is 
indicative of the OHE, was not apparent and could be considered to be 
negligible.  
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In addition, it can be deduced that at the out-of-plane angle of 0°, both the 
OHE and AHE components were present since cos(0°) = 1, and there was no 
PHE due to sin
2
(0°) = 0. As the angle increases, the OHE and AHE 
components decreased in magnitude, while the PHE component increased. At 
an in-plane angle of 90°, only the PHE component remained. Furthermore, the 
β angle was limited to 90°, which may further reduce the PHE signal to near 
zero since sin2(90°) = 0. This reduction was evident from the very small 
magnitude of the saturation Hall voltage value of the hysteresis loop at 90° 
angle. 
The considerable effect of the magnetic field angle on the Hall Effect 
measurements implies that although qualitative results can be obtained, they 
were nevertheless not in a good agreement with the AGFM which directly 
measures the magnetic properties of the film sample.  
The Hall hysteresis loop is however still a good indication of the magnetic 
properties as its shape is related to the sample magnetization. Therefore, in the 
next section, the change in coercivity HC under varying magnetic field angles 
was investigated to determine the actual change in magnetic properties. 
5.1.2.2. Study of Magnetization Process 
Figure 5.4 presents the angular dependence of HC of a FePt Hall bar device to 
investigate the change in magnetic properties under varying magnetic field 
angles. As observed, the value of HC gradually decreased from 1818.2 Oe at 
the magnetic field angle of 0° onwards to 60°.  
 




Figure 5.4: The change in coercivity of a FePt Hall bar device as it transited from the 
out-of-plane magnetization region at 0° angle to the in-plane magnetization region at 
90°. The sharp reduction of coercivity from 60° to 90° indicates the beginning of the 
shift between the regions. The trends of domain wall motion and Stoner-Wohlfarth 
models were also compared as arbitrary references. 
From 60° to 90°, there was a sharp reduction of HC values which culminated 
in a total decrease of approximately 80% to 369.9 Oe. This evidently indicates 
the beginning of the shift from the out-of-plane magnetization to the in-plane 
magnetization. The sharp drop could also indicate the start of the transition 
from the AHE and OHE dominated regions to the PHE region, as a result of 
the angle-sensitive Hall voltage as shown in Equation 5.1. 
To further investigate the magnetization reversal process in the devices, their 
angular behavior was compared to two common models for ferromagnetic thin 
films. These were the domain wall motion mode and the Stoner-Wohlfarth 
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As observed, the angle dependence of HC exhibited a large deviance from the 
domain wall motion mode, which follows the law of 1/cos θ [29]. In addition, 
the minimum value of HC of the device was located at 90°, which also implies 
it does not follow the Stoner-Wohlfarth model which will show a minimum 
value at 45° or π/4 [28].  
Therefore, it could be concluded from these deviations that the magnetization 
reversal process of the FePt devices does not involve either coherent rotation 
in a grain or pure domain wall motion that are indicated by the models. Instead, 
the magnetization process could be due to the presence of very small particles, 
which are below the critical mono-domain size, that exhibit an incoherent 
reversal process involving nucleation and growth processes even in a grain 
due to defects [65].  
Similar behavior had also been reported by previous work [65-67] in their Hall 
Effect measurements for FePt thin films. As presented in Section 3.2.2.2, the 
scans from the TEM and EDX measurements did indicate the formation of 
small FePt grains in the devices. As stated earlier as well, this angular trend 
could also be due to the transition from the AHE and OHE components (with 
larger signal magnitudes) to a dominant PHE component (with weaker signals) 
as a result of the change in angles in Equation 5.1. 
In the next part of this chapter, the Hall carrier transport mechanisms were 
characterized and analyzed to determine the mode of current transport in the 
FePt Hall bar device when it is subjected to a gate voltage. 
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5.2. Carrier Transportation Mechanisms 
In Chapter 4, it was concluded that the coercivities and the shape of the Hall 
hysteresis loops for the FePt devices did not change significantly with applied 
gate voltages. However, the Hall voltage VH was observed to demonstrate 
substantial modifications under the same gate voltages.  
This part of the chapter thereby investigates the gate voltage–induced 
manipulation of VH by first studying the behavior of the longitudinal voltage 
VL for any possible correlations. Next, the Hall voltage versus applied current 
(VH−I) characteristics were measured to establish the carrier transportation 
mechanisms. For both tests, only the AHE measurements are considered as the 
PHE signals are much smaller and may not be practical for deductions. 
5.2.1. Experimental Setups 
For the first measurement test, Hall bar devices were wire-bonded as shown in 
the optical image in Figure 5.5. Electrode pads were selected for the applied 
current (I+ and I−), the Hall voltage measurement (VH+ and VH−) and the 
applied gate voltage (VG+ and VG−). The current was set constant at 10 μA, 
and the gate voltage range was ±6 V.  
For the measurement of the longitudinal voltage VL, two additional electrode 
pads labeled VL+ to VL− were wire-bonded to the Hall bar devices as shown. 
The value of VL across these pads was obtained from the potential difference 
measured by a Keithley 2182 nanovoltmeter. The behavior of VL under a gate 
voltage was subsequently compared against the corresponding change in VH 
under the same VG values. 




Figure 5.5: Optical image of a Hall bar device indicating the 2 additional electrode 
pads (circled in red) that are used for the measurement of longitudinal voltage VL. 
For the second test, the Hall voltage VH was measured across the electrode 
pads VH+ and VH− under varying gate voltages, and plotted against an applied 
current sweep from 10 to 100 μA. The test was repeated for different magnetic 
field strengths of +10, 0, −HC (reversed value of the measured device 
coercivity) and −10 kOe.  
5.2.2. Results and Discussion 
5.2.2.1. Hall and Longitudinal Voltage Measurements 
Figure 5.6 presents the change in both VH and VL as a function of applied gate 
voltage VG. From the results, it could be observed that both VH and VL 
increased non-linearly for all devices with increasing positive VG magnitude, 
and reduced in the negative polarity. It is also observed that there is indication 
of non-symmetrical behavior for the measured voltage values between the 
positive and negative gate voltages. Finally, it can be deduced that there is an 
almost perfect match between the trends of VH and VL. 
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           Anomalous Hall Effect 
 
Figure 5.6: Gate voltage-induced effect on the measured trends of Hall voltage VH 
and longitudinal voltage VL as a function of applied gate voltage. 
 
It could thus be deduced that the change in Hall voltage VH could be attributed 
to the change in longitudinal voltage VL, and not due to any change in 
magnetization M of the FePt thin film. Since VL is related to the current 
densities in the FePt thin film, its value would be directly affected by any 
change in charge carrier concentrations. 
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The matching relationship between VH and VL could also be explained by the 
following equations [68]: 
             (5.2) 
and,     
               (5.3) 
where RS is the Anomalous Hall coefficient,  VL is the longitudinal voltage, VH 
is the Hall voltage, and M is the magnetization. 
In equation 5.2, RS is observed to be directly proportional to VL. If the M in 
equation 5.3 is assumed to be constant (meaning unaffected by the applied 
gate voltage), the value of VH is therefore completely dependent on RS, which 
is in turn related to VL. This implies that any change in VL would directly result 
in a change of proportional magnitude in VH. 
While it could be concluded that there was an almost perfect match between 
the change in VH and VL, the deductions were not sufficient for the 
determination of the gate voltage-induced effect on the behavior of the charge 
carriers moving in the Hall bar. Therefore, the next section investigates the 
mechanism of the charge carrier transportation through the characterization 
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5.2.2.2. Hall Voltage−Current Characteristics 
Figure 5.7 presents the Hall voltage versus applied current (VH−I) 
characteristics of the FePt Hall bar device measured under varying gate 
voltages VG of up to ±4 V. The magnetic field was set at +10 kOe for this 
measurement. At 0 V, the VH−I plot is a straight line that is consistent with the 
Ohmic conduction law in metallic thin films [69]. However, the application of 
VG resulted in the shifting of the plot along the vertical axis.  
 
 
Figure 5.7: Hall voltage versus applied current (VH−I) characteristics of the FePt Hall 
bar device measured under the application of varying gate voltages of up to ±4 V and 
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Furthermore, the linear trend changed to a slight curve with increasing 
curvature as the gate voltages became larger in both polarities. However, these 
increases in curvature were very slight and it was difficult to determine the 
exact effect of VG on the transportation mode of the Hall carriers. When the 
equations of the VH−I plots for each VG value were extracted, it was deduced 
that all of them exhibited a relation of the form: 
      
                   (5.4) 
Where A, B and C are the transport coefficients related to the VH−I plots, and 
could be indicative of the intrinsic electrical properties of the device under a 
corresponding gate voltage value.  
The VH−I measurements were then repeated for different applied magnetic 
fields of +10, 0, −HC (reversed value of the measured device coercivity) and 
−10 kOe. The plots were all extracted for their relations and transport 
coefficients that will be analyzed in detail in the next section. 
5.2.2.3. Analysis of Transport Coefficients 
Figure 5.8 presents the tabulated plots of Coefficients A, B and C as a function 
of applied gate voltage. Preliminary observations of the results indicated that 
both Coefficients A and C were independent of the applied magnetic field 
strength and were deduced to be related to the applied gate voltage. 
Conversely, Coefficient B changed in magnitude with different magnetic fields, 
and was related to the Hall Effect components and magnetic properties of the 
FePt device.  




Figure 5.8: The change in the magnitude of the carrier transport coefficients as a 
function of applied gate voltage, and measured under different magnetic field strength. 
–HC indicates the reversed magnetization of the coercivity of the Hall bar device. 
Beginning with the interpretation of Coefficient A, it was shown that it was the 
only coefficient that displayed non-symmetrical behavior between opposite VG 
polarities as shown in Figure 5.6. Since VG was applied from the top electrode 
to the bottom electrode, this non-asymmetry could be due to the difference in 
dielectric properties between the top and bottom insulator layers. In this work, 
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and the bottom seed layer of MgO. Therefore, B could be related to the non-
symmetrical behavior of the charge carriers when they are concentrated at the 
interface between HfO2−FePt or FePt−MgO depending on the polarity VG. 
Next, Coefficient B was shown to be the only coefficient to be significantly 
affected by the applied magnetic field. The magnitudes of B could be observed 
to correspond to the magnetization positions in the Hall hysteresis loop of the 
device. This implies that B could be related to the Hall Effect characteristics of 
the FePt devices, since both the AHE and OHE electrical components are 
directly proportional to the magnetization strength. In contrast to Coefficient A, 
a symmetrical behavior was observed for the B plots between the positive and 
negative gate voltages.  
Furthermore for B, the plots for both VG polarities were observed to exhibit a 
curve trend which indicates a reduction in Hall voltage. This reduction could 
be due to the applied gate voltage which could result in the formation of a 
carrier-deficient depletion region. The presence of the curve trends with 
increasing gate voltage magnitude is a clear indication that the AHE and OHE 
characteristics had been affected by the application of the gate voltage. 
Finally, Coefficient C, which is also the vertical axis intercept for each plot, 
was also shown to display a symmetrical trend between the positive and 
negative gate voltages. Furthermore, the shape of the C plots indicated that it 
could be related to a possible current leakage as a result of the gate electric 
field within the HfO2 insulator. This shape is consistent with leakage current 
studies of HfO2 [70, 71]. This could imply that the leakage current had a 
significant contribution to the Hall voltage and consequently, the behaviors of 
Chapter 5. Investigation of Hall Effect Mechansims under a Gate Voltage 
84 
 
both the Hall and longitudinal voltages (VH and VL) that were presented in 
Figure 5.6. However, it does not explain the non-symmetry of the trends 
between the opposite VG polarities which could be due to A instead. 
Figure 5.9 presents the same VH−I plots from Figure 5.7 after subtracting the 
contribution from Coefficient C, which represents the gate leakage current. 
After subtraction, the actual effect from the applied gate voltage on the plots 
was isolated and could be observed to be more obvious. As there was no 
change to the curvature of the new plots, the relations of Coefficients A and B 
remains the same as was presented in Figure 5.8.  
With reference to the previous studies by Seki and Kikuchi et al [22, 23] that 
were presented earlier in Chapter 1, the presence of the gate leakage current 
could affect the magnitudes of the Hall signals and indirectly induced the 
small change in magnetic coercivity in both their work and this thesis. Since a 
perfect insulator does not exist, there will always be some leakage of current 
through the gate insulator under a sufficiently strong electric field, and this 
could obscure the actual behavior of the electrically tunable Hall Effect. 
However, it should also not be discounted that there is indeed a gate voltage-
induced effect as represented by the behavior of Coefficients A and B.  
Regardless, both Seki and Kikuchi et al did not report such a large change in 
the Hall voltage signals in comparison to the results in this work. This could 
be due to the ultra-thin film thickness of the FePt film, which increased the 
sensitivity of the Hall Effect measurements and significantly magnified the 
effects of the leakage current on the Hall voltage. 




Figure 5.9: Hall voltage versus applied current (VH−I) characteristics of the FePt 
device after subtracting the contribution from the gate leakage current. 
In summary, the gate voltage manipulation of the Hall voltage values that are 
presented in the results of Chapter 4, as well as the non-symmetrical behavior 
of the VH−I plots in this chapter could be contributed by a combination of all 
three transport coefficients. The gate voltage effect is more complicated than 
initially expected, and there is little past work that explores the mechanisms of 
the carrier transportation of the Hall Effect under an applied gate voltage. 
Therefore, more extensive experimental setups would have to be meticulously 
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Such test setups could involve the utilization of a lock-in amplifier to apply an 
alternating current (AC) with a low operating frequency in the range of tens of 
Hertz. The lock-in amplifier is highly sensitive to very small changes in 
signals that are close to or equal to a specified frequency attribute even in an 
immensely noisy environment. Therefore, a more accurate extraction of the 
actual gate voltage-induced effect could be obtained due to the phasing out of 
undesired signals such as those contributed by a gate leakage current [72]. 
5.3. Summary of Chapter 5 
This chapter is a further study of the mechanisms and physics behind the 
impact of a gate voltage application on the Hall Effect characteristics in FePt 
Hall bar devices. First, the angular dependence behavior for the transition of 
the out-of-plane magnetization to the in-plane magnetization is investigated. It 
was found that the magnetization reversal of the FePt thin films could be due 
to the presence of very small particles, which are below the critical mono-
domain size, that exhibit an incoherent reversal process involving nucleation 
and growth processes. It could also be due to the transition from a combined 
AHE and OHE dominated behavior to an entirely PHE behavior. 
Next, the charge carrier transportation mechanisms were analyzed and 
presented through the measurement of the longitudinal voltage and the Hall 
voltage versus applied current (VH−I) characteristics of the devices. It was 
established that any change in longitudinal voltage would indirectly result in a 
change of proportional magnitude in the Hall voltage. It was also 
demonstrated that under an applied gate voltage VG, there is a shift and change 
of shape for the VH−I plots. It was then demonstrated that three carrier 
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transport-related coefficients (A, B and C) could be extracted from the 
equations of these VH−I plots. A is related to the non-symmetry of the plots 
due to the layer design, while B is dependent on magnetization and therefore 
related to the AHE and OHE components. C is concluded to be a gate leakage 
current which could have an important contribution to the Hall voltage. As a 
result, the electrically tunable Hall Effect may not so discernible and new 
experimental setups could be considered for future work. 
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Chapter 6. Conclusion and Future Work 
The fundamental objective of this thesis was to demonstrate and study the 
electrically-induced tuning of the Hall Effect characteristics in a ferromagnetic 
FePt ultra-thin film by application of a gate voltage. In addition, this thesis had 
addressed the analysis of the mechanisms by which the charge carriers in the 
Hall bar device are affected by the gate voltage. 
In preparation for the fabrication of the Hall bar devices, the film properties of 
the FePt magnetic thin film and MgO seed layer must first be optimized. A 
Design of Experiment (DOE) was conducted to examine and optimize the 
crystallographic properties and surface roughness of MgO seed layer. The 
optimal combination of growth parameters was determined to be a RF power 
of 50 W, a working pressure of 2 mTorr, and a substrate temperature of 100°C. 
Next, different thicknesses of FePt thin films were deposited on the optimized 
MgO seed layer for magnetic characterization and cross-sectional structural 
scans. It was determined that there was the presence of strong perpendicular 
magneto-anisotropy for the FePt film with a 3 nm thickness. Therefore, this 
FePt film thickness was selected for the subsequent device fabrication stage. 
The next part of the thesis described the process of fabricating the optimized 
FePt and MgO thin films into Hall bar devices. Next, the in-house electrical 
setup for the Anomalous Hall Effect (AHE) and Planar Hall Effect (PHE) 
measurements was detailed. The fabricated devices were then subjected to the 
Hall measurements, and the results for the electrical tuning of the Hall 
hysteresis loop and Hall Voltage Ratio (HVR) by an applied gate voltage were 
presented. It was observed that the Hall voltage VH changed significantly 
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under increasing gate voltage in both positive and negative polarities. For the 
AHE measurements, the change in coercivity HC was a maximum of 0.8% at 
±6 V of gate voltage, while the HVR was able to achieve up to 1145.6% from 
0 to +6 V and 2227.4% from −2 V to +6 V. For the PHE measurements, the 
change in HC was a maximum of 1.1% at ±6 V of gate voltage, while the HVR 
was able to achieve 180.2% from 0 to +6 V and 631.0% from −4 V to +6 V. 
This disparity between the AHE and PHE results was attributed to the 
different Hall Effect mechanisms under either out-of-plane or in-plane 
magnetization directions. 
Finally, a further study was conducted to better understand the mechanisms 
behind the gate voltage effect. The angular dependence behavior for the 
transition of the out-of-plane magnetization to the in-plane magnetization was 
first investigated. It was deduced that the magnetization reversal of the FePt 
thin films could be due to the presence of very small particles that exhibit an 
incoherent reversal process involving nucleation and growth processes. It 
could also be due to the shifting of different Hall Effect behaviors which are 
angle-sensitive. Next, the carrier transportation mechanisms were studied 
through the measurement of the longitudinal voltage and the Hall voltage 
versus applied current (VH−I) characteristics. It was shown that any change in 
longitudinal voltage would result in a similar change in the Hall voltage. It 
was also demonstrated that under an applied gate voltage, there was a shift and 
change of shape for the VH−I plots. When the equations were extracted from 
these plots, three carrier transport-related coefficients (A, B and C) were 
extracted and interpreted to be related to the electrical behavior of the carriers 
under a gate voltage. A was related to the non-symmetrical Hall Effect 
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behavior due to the layer design, while B was related to the AHE and OHE 
which are dependent on the magnetization strength. C was concluded to be a 
gate leakage current which could have an important contribution to the Hall 
voltage. As a result, the electrically tunable Hall Effect may not so discernible, 
and further work is required to study the mechanisms of the gate voltage effect. 
6.1. Future Work 
As discussed earlier at the end of Chapter 5, the mechanisms behind the 
electrical tuning of the Hall Effect characteristics was more complicated to 
deduce than initially expected. Furthermore, there are not many past studies 
that researched on the Hall carrier transportation mechanisms under an applied 
gate voltage. Therefore, new experimental setups could be devised and 
conducted to study and further the understanding of the physics. 
These test setups could include the application of a low frequency alternating 
current (AC) instead of a direct current (DC) which was utilized in the existing 
setup. This could eliminate the contribution of the gate leakage current and 
thus provide a more accurate representation of the actual gate voltage-induced 
effect. The facilities in Data Storage Institute (DSI) currently do not include a 
test setup that can simultaneously apply an AC and a sufficiently strong 
magnetic field that can saturate the FePt devices. Therefore, such a setup will 
have to include the acquisition of AC sources such as lock-in amplifiers and 
signal generators, as well as the design and fabrication of a dedicated and 
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